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PREFACIO 
Tras una carrera como ingeniero de telecomunicación y máster en 
ingeniería biomédica, no se me ocurre mejor idea que hacer un doctorado que 
relacione ambas cosas. Afortunadamente, creo que estoy satisfecho con la 
experiencia, ya que he podido aprender muchas cosas sobre cómo va la 
investigación. 
Comencé con la idea de conseguir un tipo de biosensor bueno, bonito y 
barato, patentable y con el cual, ¿por qué no?, vivir de las rentas de por vida. Quizás 
una mentalidad ingenieril excesiva. A día de hoy, tras 4 años de trabajo, la 
rentabilidad ha pasado a segundo plano y ha pesado mucho más el conseguir 
mejorar una tecnología nueva, adquirir más conocimientos sobre nuevas técnicas 
y formas de detección y toda la experiencia de trabajar en un laboratorio de 
investigación. El objetivo de diseñar sensores para ayudar a detectar enfermedades 
ha sido el colofón a la mayoría de los desarrollos que hemos realizado, y ese ha sido 
el elemento motivador. Pero meterse en el meollo del asunto, tratar de optimizar, 
de mejorar… El no ser conformista, en definitiva, es lo que ha hecho que esta tesis 
sea un buen colofón a mi carrera como estudiante de doctorado. Espero, a pesar 
de todo, haber contribuido al desarrollo de tecnologías para la mejora del 
diagnóstico médico. 
En la tesis aprendes que se pasan malos momentos cuando las cosas no 
salen bien. Sin embargo, es muchísimo más reconfortante saber que cuando las 
cosas salen bien y puedes argumentarlas y defenderlas, te son reconocidas. Así que 
los malos momentos pasan rápido. Como científico, que el resto de la comunidad 
reconozca tu esfuerzo y te publiquen, es un verdadero halago al trabajo diario. 
Llegados a este punto, no queda más que mostrar gratitud. Por ello, quiero 
agradecer a mis tutores, Ignacio y Jesús, por igual. Uno en la parte puramente 
óptica y otro en la parte de biofuncionalización y caracterización de los biosensores. 
Hemos tenido muchas charlas a lo largo de toda la tesis. Nos hemos metido por 
campos que no teníamos ni idea de por dónde íbamos a salir. Pero gracias a su guía 
es como esto ha salido adelante. También me gustaría agradecer a Nacho y Patxi su 
apoyo y las enseñanzas como personas y como encargados del grupo. Es gracias a 
ellos que el ambiente en el grupo es tan bueno para hacer investigación. 
Muchas gracias al grupo “UPNA Sensors”, en general, por compartir tantos 
momentos, todos finalmente positivos, a pesar de que todos hayamos tenido que 
lidiar en no precisamente las mejores plazas en nuestras respectivas 
investigaciones. Especialmente a Goico, Carlos, Miguel y César, por darnos su 
experiencia más reciente, y a los Pedros y a Aitor, por compartir tantos momentos 
  
de laboratorio y vida científica en estos años. Espero que en el futuro, pase lo que 
pase, podamos seguir en contacto y sacar adelante proyectos en común. 
No quiero extenderme con nombres específicos, porque me dejaría alguno 
seguro. Pero no me olvido de aquellos que, de alguna manera, contribuyen o han 
contribuido al buen ambiente del grupo y a que las investigaciones y docencia 
puedan realizarse en las mejores condiciones posibles dentro de la actual 
coyuntura. Desde los técnicos y profesores a la gente que nos juntamos en los 
almuerzos, pasando por aquellos que están ahora “proyectando”, “masteriando” o 
investigando con nosotros, así como a aquellos que decidieron o tuvieron que 
tomar otros rumbos. Sois parte de la historia del grupo y con vuestra presencia y 
trabajo ha sido un placer contar siempre. Como también es un placer contar con la 
predisposición y trabajo de los chicos de Nadetech. Gracias a vosotros se están 
acabando las largas horas de deposición de sustancias con el método manual. 
Un agradecimiento especial también a Andrea y a su Armani Research Lab 
en la University of Southern California, en Los Ángeles – EE.UU. Ellos me enseñaron 
otra manera de ser, de vivir y de trabajar. Diferente a la que puedo estar 
acostumbrado, pero igualmente admirable y exitosa. Gracias a esa experiencia 
aprendí mucho en muy poco tiempo, sobre todo a nivel personal. Y espero que 
profesionalmente también haya podido dejar un legado que pueda aprovecharse 
en el futuro en ambos grupos de investigación.  
Desde el punto de vista biomédico de la tesis, sería una ofensa no 
acordarme de la gente que he conocido a partir de los estudios del máster y que 
han sido y son cruciales, a día de hoy, para los planes que puedan surgir. Gracias a 
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Navarra, por acercarme un poco más a los conceptos básicos de medicina. Y 
también gracias a los “proteómicos” de Navarrabiomed, Quique y Joaquín, por 
introducirme en el funcionamiento y tratamiento con anticuerpos. Espero que 
podamos seguir colaborando en un futuro muy próximo. 
Y como dice el refrán, “los últimos serán los primeros”. Mi familia. Esa 
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Abián.
  
ABSTRACT 
Along this thesis, the study and design of several optical waveguide 
platforms is presented, in order to check their viability when used as biosensors 
based on either optical fiber or other photonic substrates. In this work, some fiber-
optic-based structures such as cladding removed multimode structures, tapered 
single-mode fibers and single-mode – multimode – single-mode fibers are 
deposited with thin-films of materials, using nanotechnology-based methods such 
as layer-by-layer assembly (LbL-assembly) or sputtering. Moreover, a brief chapter 
is focused on the study of toroidal microring resonators deposited by spin-coating. 
The final objective is to generate or enhance the parameters of the resonant 
phenomena obtained in these structures, in terms of resolution and sensitivity. 
Then, a biological detection is addressed and characterized, to see if they are able 
to perform a future early diagnosis for illnesses. 
 
 
RESUMEN 
A lo largo de esta tesis se presenta el estudio y diseño de varias plataformas 
de guía-ondas ópticas, con el fin de ver su viabilidad a la hora de usarlas como 
biosensores sobre fibra óptica u otros sustratos fotónicos. En este trabajo se 
depositan estructuras ópticas como una fibra monomodo desnuda, un 
estrechamiento en fibra óptica o una fusión de fibras mono – multi – monomodo 
(SMS) con películas delgadas de materiales usando técnicas nanotecnológicas como 
el ensamblado capa a capa (LbL-assembly) o el sputtering. Además, se dedica un 
capítulo al estudio de microresonadores toroidales depositados por rotación (spin-
coating). El objetivo es generar o mejorar las prestaciones en resolución y 
sensibilidad de los fenómenos resonantes que se pueden obtener en estas 
estructuras ópticas, para luego detectar reacciones biológicas que den lugar a un 
futuro diagnóstico precoz de enfermedades. 
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 CHAPTER 1. Introduction 
 
1.1. Motivation. Technology for medicine 
It is even more evident that we live in a society quite influenced by the 
information and communication technologies (ICTs). The information is generated 
around us and it is closely related to the knowledge and the human being 
development. Once acquired, the information is digitalized and prepared to be 
transmitted in optimal conditions, in order to generate knowledge there where it 
goes. Knowledge is learnt and applied in every situation and it provides data to 
generate information at the same time. This kind of feedback is the motor of the 
society. Something that makes the humanity be able to evolve conceptually and 
personally. Something that, in spite of some skeptics, has allowed forgetting the 
already former Contemporary Age to face the Technological Age or the ICTs Age. 
Nowadays, information is crucial for all life purposes. However, when the 
“health” topic is addressed, nobody hesitates about the actual importance of 
information. In these times, thanks to technology possibilities and the great medical 
goals achieved it is possible to diagnose most of the human body diseases, treat 
quite many of them and obtain information from those affections that research is 
still working in. Patients demand even more information and knowledge about their 
illnesses, how to avoid and treat them or how to cure themselves. This is a human 
right and, therefore, something that must be always satisfied. 
In this sense, both physicians and engineers have to be ready for the 
upcoming demand of patients who expect to be informed about their affections 
and to be cured. However, this should not be an issue to address unilaterally. It is 
true that physicians have to play the role of pioneers and, therefore, proceed based 
on the diagnosis they do but there is also a need for taking engineers into account, 
in order to develop the upcoming technological challenges.  
Thus, it seems logical to think that, in a near future, the staff of the hospitals 
will consist of nurses, physicians, researchers and engineers, apart from the rest of 
general services. The formers will arrange the clinical performance and the latters 
will manage, renew, research and develop the existing equipment, to satisfy the 
hospital needs. Here it is where engineering professionals have to offer the most 
practical and less cost-effective technology, with the main goal of being able to 
afford the generated demand. 
That is why biomedical engineering is one of the most globally valuable 
careers so far. Its applications cover from the molecular treatment of the illnesses 
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to hospital management, patient tracking and data security. In the middle, medical 
instrumentation, patient diagnosis and therapy are challenging objectives to 
pursue. Hence, there is a need for people interested in enforcing the current and 
future technology possibilities, in order to inform both physicians and patients 
about their needs. In the end, they are the clients for these applications. 
Now that this thesis is finished, it is obvious that much work is still necessary 
to do, in order to achieve a final application. As a biomedical/telecom engineering 
master, the main goal at the beginning of this stage was to achieve a good 
biomedical application. The final product has not been possible to achieve. 
However, by walking this path, a novel technology has proved to be competitive 
and several research lines have been opened in order to continue improving the 
desired features. The final result is positive, so it is worth being shared with the 
scientific community. 
 
1.2. State of the art in biosensors 
Giving the physicians the important information they need when trying to 
solve a patient’s problem, involves to extract some data from the patients’ body 
and then translate it into electric domain and try to make it understandable.  
Now, the question is: “how is it possible to extract the information from the 
inside human body?” Medicine has been trying to address this issue by the 
auscultation and diagnosis directly on the patient. However, in order to obtain 
clarifying information about the actual body condition it is not enough with the 
auscultation. Human body owns some well-known variables that can be studied 
and they permit to detect anomalies related to its bad condition.  
Technology can help obtain this important information. Once extracted, the 
corresponding values/signals from the inside human body are transformed into 
electric signals (1s and 0s) and then processed, being thus converted into legible 
information to be interpreted by physicians. Sensors normally make the extraction.  
A sensor to detect biological substances or variables, in general, is called a 
“biosensor”. Technically, a biosensor could be defined as “a device capable of 
detecting substances called analytes with high sensitivity and using a rapid, direct 
and specific biomolecular recognition”. 
Biosensors own many advantages, apart from their high sensitivity and 
selectivity. Some of them are based on organic molecules that can act as receptors. 
However, most of biosensors are made by substances that are always specific and 
selective by nature, such as antibodies, enzymes, DNA chains and aptamers, mainly. 
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Another advantage is that the substrate can be gently reduced in size, since the 
biological reaction is going to occur anyway with independence on the substrate 
size. This leads to a higher detection resolution, less cost of resources and, 
therefore, less cost for the final device [1]. Besides, if adequately treated, they can 
be used for in situ and continuous monitoring and sometimes with reversibility in 
the measurements, something that will give the possibility of being reutilized. 
Every biosensor is composed of three well-differentiated parts, as shown in 
Fig. 1.1. First of all, the substrate. Based on this, sensors can be classified as 
electrochemical [2], piezoelectric [3], thermal [4], mechanical [5] or optical sensors 
[6]. How to distinguish among them will depend on the transduction phenomena 
from the biological world to the electric world. Nevertheless, there is also a strong 
demand in optical sensors based on optical fibers, what permits to detect biological 
reactions using optical phenomena such as evanescent field, fluorescence or 
interferometry among others. The next subsection will show a brief review on this 
topic, since fiber-optic based biosensors is the focus of this thesis. 
On top of the sensor, the biodetection layer is in charge of detecting the 
analytes based on the corresponding bioreactions. According to what type of 
biomolecule is necessary to detect, biosensors can be classified as enzyme/protein-
based sensors, immunosensors, cell/tissue sensors, aptasensors or sensors based 
on DNA chains or even on microorganisms.  
Finally, to make the biological layer attach the substrate, there is another 
important layer known as the immobilization interface. This is probably the most 
important step to do when fabricating a biosensor [7]. The attachment of the 
bioreceptors to the substrate must be done in such way that the environmental 
conditions are similar to their natural state or at least in not an aggressive 
atmosphere. The objective is to maintain the bioreceptors in good conditions so 
that they can work efficiently and without degrading their structures. Otherwise, 
this may induce mistakes in the measurements. In this sense, a wide variety of 
immobilization techniques has been developed during the last times [8]. For 
instance, those based on direct adsorption, cross-linking with other substances, 
membrane embedding, entrapment in a polymeric structure, or covalent 
attachment to the substrate. The goal of these methods is to deposit bioreceptors 
in an oriented way, so that a homogeneous and more sensitive effective surface is 
deposited. 
When fabricating biosensors, some factors have to be taken into account. 
Some of them are reflected in Table 1.1. The right column analyzes the easiness of 
achievement of the properties commented in the left column. As it can be 
observed, most of them can be easily achieved. 
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Fig. 1.1. Schematic showing the different layers of a generic biosensor. 
 
In the last years, research and development have focused on one of the 
most fundamental aspects of biosensors fabrication, which is the miniaturization 
[9]. This permits to create smaller devices with better sensitive properties, as has 
noticeable occurred in the development of glucose biosensors. Moreover, in spite 
of the emerging non-invasive technologies, micro and nanotechnology are breaking 
up strongly lately. Consequently, companies have adopted microelectronics as the 
best way to integrate this biomedical tests. In this sense, cholesterol and, overall, 
diabetes diagnosis are on top of the most researched topics. Particularly, 31.5% of 
the biosensing applications are focused on glucose monitoring (see Fig. 1.2a). 
Finally, the growth of novel technologies applied in biomedical detection 
and, therefore, in diagnosis is considerable. However, they have to compete in an 
aggressive and closed market where the multinationals that patent their own 
devices do not permit their inclusion. Nevertheless, the amount of money moved 
around the biosensors market is expected to increase from 12000 to 16000 million 
dollars between 2014 and 2016, according to what has been reported 5 years ago 
[10] (see Fig. 1.2b). 
 
1.3. Fiber-optic-based biosensors 
Optical fibers are cylindrical optical waveguides with an internal material 
(core) of refractive index higher than the refractive index of the cladding or external 
part of the waveguide. The difference in the refractive indices between core and 
cladding makes possible the phenomenon of total internal reflection derived from 
the Snell’s Law, thus optimizing the transmission of light in the core. 
The development in telecommunications industry has led to many kinds of 
flexible and low-loss optical fibers. The most common are silica-silica fibers (both 
core and cladding are made of silica with different dopants) although there are also 
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other types, such as plastic-clad silica-core fibers, plastic fibers, hollow-core fibers 
and photonic crystal fibers, among many others. 
 
DESIRED PROPERTY EASINESS OF ACHIEVEMENT 
Specific and discriminant 
Yes, given the specificity of the 
bioreceptor 
Reproducible and accurate 
Yes, since the fabrication is always the 
same 
Safe and exact Yes, as long as the sensor is calibrated 
Adequate sensitivity 
Yes, whenever the sensing method is 
appropriate 
Fast response and reliability 
Yes, although it is conditioned by the 
biological process to detect 
Small size Yes, as long as it is possible 
Use of low measuring volumes 
Yes, since the applications should 
imitate the actual concentrations used 
in medicine results 
Temperature-independent Yes, electronically compensable 
Low –cost in manufacturing 
Yes, since they are going to be 
produced in industries 
Saleable Difficult. Market dependent 
Without/minimum maintenance 
Difficult but affordable. There is a 
need for undo the bonds between 
biomolecules 
Robust 
Complicated. It requires a careful 
handling 
Stable 
Yes, as long as it is stored in well 
conditions or is used for short-term 
periods 
Sterilizable Only in the original packaging 
 
Table 1.1. Capability of achieving the desired properties in a biosensor. 
 
Fiber-optic sensors (FOS) take advantage of fiber-optics properties for light 
delivery or alternatively to be detected with minimal distortion or signal loss. In 
contrast to their utilization in telecommunications, FOS are designed to modify the 
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light travelling through the core as a function of the external medium properties 
(measurand). In many texts the optical head of these sensors is called “optode” or 
“optrode”. The first term comes from a Greek expression that means “the optical 
way”; the second term comes from “optical electrode”. These terms, very well 
received today, were coined by Lübbers and Optiz in the first CO2 optical fiber 
sensor reported in the literature [11]. From then on, different optrode 
configurations have been proposed and some of them will be described in 
subsection 1.3.2. 
 
 
Fig. 1.2. (a) Global demand in the use of biosensors in 2009. (b) Estimation of the incomes generated 
by the biosensors market until 2016 [10]. 
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FOS systems basically consist of an optical transducer, a communication 
channel and an associated subsystem for generating and/or detecting, processing, 
and conditioning the signal. It is usually distinguished between intrinsic FOS, when 
the fiber acts both as transducer and communication channel, and extrinsic FOS, 
when the fiber simply operates as a communication channel.  
Among the wide variety of existing FOS, the main focus of this chapter will 
be the development of fiber-optic biosensors (FOBs). Extensive research has been 
dedicated in the past to this kind of FOS, with the main goal of detecting food-borne 
and water-borne contaminants as well as infectious disease pathogens that have 
paved the way for the development of FOBs [12]. In particular, the scheme of a FOB 
is the same as shown in Fig. 1.1 but using the optical fiber as substrate.  
In the last years, the integration of optical fibers in reduced and more 
robust structures has led to a new generation of FOBs with lower detection limits, 
increased sensitivity, higher selectivity, reduced response time and, in some cases, 
reversibility, as well as long-term stability. In particular, FOBs have been found 
extremely useful for dynamic analysis of interactions inside single cells as a 
complement to conventional bulk cell assays, studies with a reduced number of 
samples that cannot be easily propagated and applications where a minimally 
invasive procedure is required [13]. The next subsections will begin with a more 
detailed description of the FOBs components, using the highest specific 
biorecognition elements and biosensing methods utilized and with the main focus 
on the fiber-optic detection techniques. 
 
1.3.1. Biological receptors. Antibodies 
As it has been mentioned, the biosensing systems are characterized by a 
high specificity to the substance they are designed for. Moreover, the adequate 
immobilization of the bioreceptor usually determines the accessibility of the 
biologically active component in order to provide high specific interactions with the 
target molecules as well as an intimate contact with the transducer component in 
order to provide a realistic output signal. That is why there is a need for 
immobilizing them in good conditions, as has been previously indicated. 
A first group of bioreceptors to be considered is that formed by enzymes. 
Enzymes are complex and large macromolecules (molecular weight from 10 to 1000 
kDal) that catalyze reactions of biochemical substances called “substrates”. 
Enzymes have a reversible response and thus, they are regenerated after the 
chemical reaction. The Michaelis-Menten expression describes the reaction that 
involves the consumption of the named substrate (or analyte) “S” in presence of 
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the enzyme “E”, giving some products “P”, as described in Fig. 1.3a. For instance, 
the reaction where the glucose (substrate) consumes oxygen in the presence of the 
glucose oxidase (enzyme) and produces gluconolactone (product 1) and hydrogen 
peroxide (product 2), is a good example of an enzymatic reaction. 
A second group to take into account is the formed by deoxyribonucleic acid-
based chains (DNA). Nucleic acids are long-chain polymers built from nucleotide 
units. The DNA molecule is present in the nucleus of the biological cell and controls 
the production of proteins. The specific base-pairing between the two strands of 
the nucleic acids gives rise to the genetic code. This nucleic acids are the carriers of 
the essential genetic information of the living cells and each individual member of 
any species. DNA probes can be used to detect genetic diseases due to their 
specificity. The field of biosensors based on nucleic acids is one of the most 
promising techniques to investigate.  
Probably, the most common molecule utilized for selective biorecognition 
is the antibody (Ab). In fact, antibodies are commonly used in labs around the world 
to perform biorecognition experiments called “Enzyme-Linked ImmunoSorbent 
Assays” or ELISAs. Therefore, and due to their availability in the chemical 
compounds market, they will be used through this thesis to fabricate and 
characterize all the biosensors designed.  
Antibodies are proteins (about 10x10x10 nm in diameter) of high molecular 
weight, ranging from 100 to 1000 kDal. They are designed to protect the living 
beings against bacterial and viral infections through their immune system. They are 
closely related to the antigens (Ag) or foreign substances that invade the host 
organism and stimulate the synthesis and the production of antibodies for the 
organism’s self-defense. This means that antibodies are generated by the immune 
system in order to eliminate these antigens. This elimination is accomplished when 
the reaction of antigen and antibody is completed, thus creating the Ag-Ab 
complex. This simple reaction is schematically depicted in Fig. 1.3b. 
The Ag-Ab complex is achieved by non-covalent binding forces, sometimes 
allowing a certain reversibility of the Ab-Ag interaction. Unfortunately it is not so 
easy to undo this interaction due to its strength and stability, so the reversibility 
and regeneration of these devices is still an issue [14]. In fact, it is almost impossible 
to recover an immunosensor (a sensor based on Ag-Ab complexes detection) once 
it has done its job, because this reaction occurs only once and it is difficult to 
dissociate the biological compounds unless a powerful enzyme dissociates them. 
Nevertheless, as long as the Abs are proved to work properly, they are the most 
reliable way to detect target biomolecules. 
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There are several types or antibodies and antibody-based complexes with 
different characteristics: A, D, E, G and M. Each one is designed for a specific 
function in the host organisms. These complexes are all formed by repetitions of a 
single monomer. In particular, type G antibodies or immunoglobulins (IgGs) could 
serve as a good example of monomers and they are widely utilized. Two different 
parts can be distinguished in an IgG (see Fig. 1.3b). The first one (known as Fc) is 
similar in every of them, and takes part in the own structure of the biomolecule. 
Normally this part is used to attach the IgGs when designing a biosensor. The 
second part (known as Fab) is specifically designed for each analyte (i.e. antigens or 
secondary antibodies), so that the IgG can bind it. Therefore, to take advantage of 
this, IgGs should be deposited in order to have most of their functional parts 
available, because this will increase the sensing efficiency of the biosensor [15]. 
 
Fig. 1.3. Schematic of the biological reactions that take place when using enzymes (a) and antibodies 
(b). In the former, the analytes are the products of the bioreaction, whereas in the latter, what is 
detected is the attachment of the antigen to the antibody. 
 
Apart from these widely common techniques of biorecognition, there are 
novel methods that are proliferating in the last decades. Among them, those based 
on the use of aptamers and molecular imprinted polymers (MIPs) are being 
extensively studied. In this sense, aptamers are synthetic short single-stranded 
oligomers (ssDNA or RNA) that own the capability to bind tightly and specifically to 
a wide range of targets [16]. Among their advantages, the possibility of reversibility 
and their ability to form 2D and 3D complex structures, which confers a high degree 
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of specificity for their target molecules. Similarly to aptamers, MIPs are synthetic 
receptors in a stable and reusable form by means of the fabrication of artificial 
recognition sites in synthetic polymers. These sites are tailor-made in situ by 
copolymerization of functional groups and cross-linkers. Then, the template 
molecules are removed from the polymer, leaving accessible binding sites in the 
polymeric network [17]. 
 
1.3.2. Common strategies to design FOBs 
An introduction to some of the main fiber-optic sensing techniques based 
on the light modulation mentioned before is given in the next sub-sections, 
together with some reference applications. 
 
FLUORESCENCE-BASED FOBS 
Among the different optical techniques related to FOBs, fluorescence is 
perhaps the most commonly utilized, since it is the more extended tool in analytical 
chemistry, biochemistry, cell biology, photochemistry or medical diagnosis. This 
technique is based on the spontaneous light emission of a fluorophore or a label 
when it is excited with light at a wavelength (excitation wavelength) located in the 
absorption spectral region of such fluorophore. Different sensing schemes have 
been proposed attending to the fluorescence originated light intensity and phase 
modulations [18].  
 Commercial applications using fluorescence-based biosensors have shown 
up in the last years. For instance, Raptor (Research International, Monroe, WA) is a 
portable automated fiber-optic biosensor designed to detect biological threat 
agents. Its performance is quite quick (3 to 15 minutes) and its working principle is 
based on fluorescent sandwich immunoassays on the surface of short polystyrene 
optical probes for up to four target analytes simultaneously. The optical probes can 
be reused up to forty times, or until a positive result is obtained, reducing the 
logistical burden for field operations. More sophisticated versions of the same 
device are under development, being sponsored by the US Marine Corps. As an 
example of the applications, a solution assay for ricin toxin (via recognition of a 
substitute of its A-chain subunit) is worked out with this device [19]. Here, 
polyclonal anti-ricin antibodies are captured on the waveguide through incubation. 
Multiplexed assays are performed with four waveguides in one run using 
fluorescently labeled antibodies. Detection levels between 10 and 60 ng/ml of ricin 
A chain in deionized water and in tap water are detected respectively within 15 
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min. “Raptor” has been also applied to detect bacteria belonging to Enterococcus 
species in Florida Recreational Water. [20]. The detection method reduces to 2.5 
hours the 24-hour standard method. 
Other studies on fluorescent FOBs can be found in [21], where a sandwich 
immunoassay is performed on the surface of a tapered optical fiber to determine 
interleukin-6 (IL-6) in serum. The concentration of IL-6, directly related to the 
fluorescence intensity, can be detected at levels down to 5 pM (0.12 ng/mL), which 
reveals the high specificity and selectivity of the assay. A sandwich immunoassay 
was also performed by Valadez et al. for the detection of Salmonella in egg shell 
and chicken breast [22]. 
The utilization of quantum dots (QDs) as fluorescent labels is explored in 
[23] for human IgG detection using multiplexed immunoprobes with four QDs of 
different fluorescent colors. 
Also, a wide variety of applications using this sort of FOBs have been 
reported. For instance, a reusable biosensor for small molecule (Hg2+) detection 
based on fluorescent labeled DNA probes immobilized on an optical fiber is 
presented in [12]. A multi-target detection is performed by means of the utilization 
of oligonucleotide-functionalized nanospheres fabricated on etched nanofiber 
bundles [24]. Another application using fluorescently labeled aptamers 
immobilized onto the optical fiber surface is also described in literature for 
explosive TNT [25] and Bisphenol A [26] detection by means of competitive 
immunoassays. Finally, the utilization of enzymes in combination with oxygen 
sensing has been widely explored in FOBs for the detection of toluene in 
wastewater [27] or adrenaline [28]. 
 
BIOLUMINESCENCE-BASED FOBS 
All the sensing techniques described above are related to fluorescent FOBs 
involving the immobilization of fluorescent labeled biosensing elements. 
Sometimes, the biosensing elements are luminescent in specific situations. 
Therefore, they can be detected without using any additional fluorophores.  
These sensors are bioluminescence-based FOBs, which are used mainly for 
environmental monitoring of toxic chemicals, microorganisms, or bacteria [29]. 
Generally, they are based on substances called luciferins, which can emit light after 
an enzyme-catalyzed oxidation. Some studies claim that bioluminescence allows a 
much faster and more sensitive detection of the target analyte than fluorescence. 
This is because bioluminescence is normally used as an enzymatic activity 
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measurement, whereas fluorescence usually quantifies the presence of proteins. 
However, bacterial bioluminescence activity is relatively short-live and 
fluorescence techniques are more appropriate for long exposure and cumulative 
signal detection [30].  
A fiber-optic biosensor based on bioluminescent bacteria is used for 
monitoring toxicity and pollutants [31-33]. However, a loss of functionality in the 
bacteria is observed after longer periods. Immobilized microalgae, another living 
species applied in bioluminescent biosensors, has been described for many 
applications in the detection of herbicides, such as simazine, atrazine, propazine, 
and linuron [34]. 
 
ABSORBANCE/REFLECTANCE-BASED FOBS 
Absorbance and reflectance-based sensors rely on intensity modulations 
originated by refractive index or color modifications of the sensing material. These 
modifications produce a change in the optical power that can be measured.  
This arrangement is the simplest but it also has some drawbacks. One of 
them, as it was described in section 4.1, is the need for a signal reference. Another 
issue is the lack of selectivity in this method. For instance, not only the target 
antigens but also some non-specific binding elements can change the refractive 
index. It is difficult to extract an accurate measurement if only absolute intensity 
measurement is taken. In order to avoid this problem, spectrometric arrangements 
have been proposed where the selectivity is sharply improved. 
Concerning the changes in color, they can be associated to the detection of 
a chromophoric reaction product [35]. For instance, if an enzyme such as alkaline 
phosphatase is deposited at the end of optical fibers, then it is possible to detect p-
nitrophenylphosphate. This is due to the strong absorption at 404 nm of the 
product p-nitrophenol of the catalyzed reaction indicated below [36]: 
 
P-nitrophenylphosphate       P-nitrophenol + phosphate 
 
A different approach is presented in [37]. Here, celiac disease is detected 
through the formation of gliadin - anti-gliadin antibodies. Gliadin is first 
immobilized onto optical fiber tapered tips and changes in absorbance are 
monitored. 
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INTERFEROMETERS 
A fiber-optic interferometer uses the interference between two or more 
beams that have propagated through different optical paths of a single fiber, 
several spliced fibers or thin-films deposited onto fibers. The working principle is 
based on combining at least two signals. One of them is the original signal and the 
other is a signal that has been altered by somehow actuating on it. Thus, when they 
recombine in the detection stage, the interferometric pattern will vary, providing 
the desired changes in the wavelength, phase, intensity, frequency, and else 
parameters. There are lots of ways to obtain an interferometer, although the most 
representative are commented in the following lines. 
A wide extended strategy is to use Fabry-Perot (FP) nanocavities. This 
means, to deposit a few nanometers of a material that generates two mirrors of 
different refractive indices. As a result, the spectral difference between input 
(transmitted) and output (reflected) signals obtained using the set-up in Fig. 1.4 will 
be due to a change in the optical conditions with respect to the initial ones. 
A defining example of this FP-based FOBs is a recent contribution 
depositing a nanocavity on the tip of an optical fiber, which uses proteins as 
bioreceptors [38]. The method is called Bio-Layer Interferometry®. The company 
ForteBio Inc. (Menlo Park, CA, USA) named it this way. Here, the deposited 
nanocavity is a streptavidin (protein) layer. Thus, for a specific optical fiber – bio-
layer interferometer, a specific interferometry spectrum can be visualized in the 
detector. When the bioprobe is subjected to a solution where the specific analyte 
(biotinylated rh-Epo in this case) is present, the bioreaction is detected as a red shift 
in wavelength of the initial spectrum. By measuring this shift it is possible to know 
the corresponding concentration, since the biolayer thickness increases. 
Another way to obtain interferometer-based FOBs is by using long period 
fiber gratings (LPFGs). This structure consists of a periodic perturbation of the 
waveguide properties, generally of the core refractive index. Consequently, several 
dips are created in the transmission spectrum at wavelengths where there is a 
coupling of optical power between the core and cladding modes in the optical 
structure. Moreover, one of the most important discoveries in LPFGs is the 
existence of the turn around point (TAP) or turn dispersion point (TDP) [39], which 
is good in terms of improving the sensitivity of these optical structures. 
A recent application based on bringing the LPFG to the TAP has been also 
recently published, detecting IgG – anti-IgG complexes [40]. A comparison between 
a non-TAP-LPFG and a TAP-LPFG is done, in terms of sensitivity. The TAP-LPFG is 
more sensitive in wavelength than the non-TAP-LPFG, although only a nanometer 
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of improvement is registered. In spite of this, it is corroborated that working with a 
higher order mode permits to detect a lower limit, decreasing from 500 g/ml to 
100 g/ml.  
Fig. 1.4. Bio-Layer Interferometry® as an interferometry-based FOB. The biological nanoFabry-Perot 
cavity (a) is in charge of shifting the interferometry shown in the spectrum (b) as the bioreactions 
take place [38]. 
 
OTHER TECHNIQUES FOR FOBS 
There are other various methods of fabricating FOBs that are also proposed 
in the literature. One of them is the utilization of non-adiabatic tapered single-
mode optical fibers (T-SMFs) as evanescent field label-free FOBs. For instance, this 
structure is the chosen transducer for real-time monitoring of BSA with antibodies 
as bioreceptors [41]. The BSA detection limit is around 100 fg/mL. Also, the use of 
LPFGs as evanescent field-based FOBs is currently under exploration. For instance, 
antibodies are usually immobilized on the surface of the LPFG, which acts as a 
refractometric device [42]. In addition, a very recent FOB configuration is based on 
whispering gallery modes in dielectric microdisks, microtoroids or microspheres 
[43,44]. These disks or microspheres behave as resonant cavities that are very 
sensitive to the external refractive index, achieving single-molecule detection. 
 
RESONANCE-BASED FOBS 
This kind of sensors is the focus of this thesis. Although the fundamentals 
of these devices are going to be broadly studied in the following chapters, it is 
important to remark that most of the developed technology regarding FOBs is 
based on the surface plasmon resonance (SPR) phenomenon. In fact, SPR-based 
sensors consist of depositing gold onto the optical fiber, launch polarized light and 
15   Abián Bentor Socorro Leránoz 
 
 
take a look at the spectrum to see a narrow attenuation band in the visible range. 
This dip is the product of the energy transfer from the inside optical fiber to the 
gold surface, which makes it disappear for a restricted wavelength range. Taking 
into account this phenomenon it is possible to see the wavelength shift as a 
function of the refractive index variations due to the biological reactions. 
The utilization of gold or silver thin-films is very usual for the development 
of SPR-based biosensors. These metallic coatings enable the generation of SPR 
resonances and the subsequent target detection. Lin et al present a Cadmium 
(Cd(II)) sensor based on localized SPRs (LSPRs) [45]. The resonance is generated by 
a gold layer onto a 400 µm optical fiber. Phytochelatin is responsible of detecting 
the cadmium concentration. The low limit of detection of the sensor was 0.16 ppb. 
The work presented by Cao and coworkers is focused on the generation of the LSPR 
as a function of the gold nanoparticles shape [46]. The study was performed with 
nanospheres and nanorods deposited onto the optical fiber. The LSPR are located 
in a different spectral range. This configuration was used to detect anti-human IgG 
with a detection limit of 1.6 nM. One of the most recent contributions on SPRs is a 
sandwich technique being explored in [47]. Here, a sandwich aptamer-antibody 
assay is used to detect Ara h1 obtaining a detection limit improvement of 100 times. 
However, a new type of resonance-based FOB is emerging in the last years 
based on lossy mode resonances (LMRs) technology. Along this thesis, an 
exhaustive description of some improvements when using this phenomenon is 
given, in order to design FOBs based on antigen-antibody complex reactions. 
Nevertheless, it is worth mentioning some of the most recent advances in LMR-
based biosensors. They involve the utilization of aptamers immersed into a 
polymeric structure adhered to the optical fiber. Thrombin [48] and C-reactive 
protein (CRP) [49] sensors have been fabricated using indium tin oxide thin-films as 
the LMR supporting coating. The obtained results reach detection ranges of 2 mg/L 
for CRP. 
Fig. 1.5. An example of a typical SPR-based biosensor. (a) Reflective configuration set-up. (b) Sensing 
head. (c) Biofunctionalization of the fiber-optic tip to achieve the bioprobe [36]. 
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1.4. Objectives 
As it has been mentioned along this introduction, the main objective of this 
thesis is to study and characterize different fiber-optic-based platforms to be 
further used as biosensors. In this sense, several goals are proposed in the following 
lines, to be achieved along the development of this work. 
a) Search of fiber-optic structures with a compact and cheap equipment, in order 
to monitor and try to optimize the behavior of resonant phenomena generated 
on them. 
b) Thin-film deposition of low-cost and biocompatible materials that can be used 
not only to generate or enhance the properties of the corresponding resonant 
phenomena (LMRs), but also to maintain the bioreceptors in good conditions 
to achieve the biosensing applications. 
c) Optical characterization of the developed sensors and biosensors, in order to 
determine functional ranges, detection limits, response times, etc. 
Also, a study on the sensitivity of certain photonic microstructures (toroidal 
microring resonators) will be addressed, in order to enhance their properties by 
depositing thin-films and to corroborate if they can be used as potential candidates 
to detect bioreactions. 
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 CHAPTER 2. Deposition of thin-films to generate 
resonant sensing phenomena 
 
2.1. Introduction. Thin-films 
Nothing in this work can be understood without the deposition of thin-
films. As the name itself denotes, a thin-film can be defined as a nanometer sized 
layer of a material deposited on top of a surface, with the goal of obtaining a desired 
behavior in the resulting coated substrate [1,2]. 
Normally, the size of these thin-films range from nanometers to a few 
micrometers, depending on the application they are designed for [2]. To achieve 
this, there is a need for working with nanotechnology-based deposition techniques. 
Nanotechnology can be defined as the science of ‘nano’. This means, working with 
sizes up to a billion times smaller than a meter. Nanotechnology could be defined 
as the study, design, creation, synthesis, manipulation and application of materials, 
equipment and functional systems by means of controlling the matter in the 
nanoscale, and also the exploitation of its phenomena and properties [3]. When 
working with these sizes, it has been discovered that matter behaves in a different 
way than it would in its natural state. Consequently, the interest in studying and 
trying to take advantage of these properties is increasing every day. 
Among the advantages that working with nanotechnology offers, it is 
important to remark the considerable reduction in the size of the equipment, lower 
costs in materials, production, transportation, etc, all of them due to the fact of 
scaling to so small sizes. On the other hand, there are some issues to be solved, as 
the possible intoxications derived from working with substances that can be inhaled 
by the organism leading to a new kind of illnesses, or the possibility of using it for 
bad purposes. In this sense, there are many issues regarding nanotechnology, 
although it seems to be that side effects could be mostly avoided by taking the 
corresponding safety measurements. 
During the last decades, a wide variety of nanotechnology-based 
deposition techniques has been developed. Some examples of this kind of methods 
are the three that are presented during this thesis: layer-by-layer assembly [4], 
sputtering [5] and spin-coating [6]. But there are also other methods to be taken 
into account, such as molecular beam epitaxy (MBE), electron beam evaporation, 
Langmuir-Blodgett [7], sol-gel method (dip-coating) [8], chemical/physical vapor 
deposition [9,10] and so on. In this sense, Fig. 2.1 reflects the wide spectrum of 
nanotechnology-based deposition techniques currently being developed.  
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From an engineering and industrial point of view, the development and 
improvement of thin-film deposition techniques has led to many applications. 
Currently, there is an interesting application of thin-films deposition in 
photovoltaics, in order to obtain higher efficiency solar cells that lead to accumulate 
and save energy [11]. Another current interesting application is the development 
of graphene/silicon nitride (and more) functionalized layers (essentially, atomic 
layers), in order to achieve electronical and flexible devices that people can use for 
communication, work and joy purposes [12]. But there are also daily applications, 
such as the design of self-cleaning surfaces [13] (see Fig. 2.2a) or 
hydrophobic/hydrophilic thin-films to avoid water drops when it is raining [14]. 
There are also biomedical applications, such as the development of anti-bacterial 
thin-films that prevent from tough illnesses [15] (see Fig. 2.2b), or the development 
of biocompatible prosthesis [16], so that the prosthesis inserted in the human body 
are even less aggressive when reacting with the biological tissues. 
Fig. 2.1. Dry and wet methods to deposit thin-films using nanotechnology. 
 
Regarding the main use of thin-films in this thesis, their deposition on 
optical waveguides, there is an increasing interest in developing such devices, since 
they permit to obtain new sensing applications and other optical properties of 
interest. Thin-films can contribute to enhance the properties of these 
optical/photonic waveguides in order to obtain two main research fields: 
communications and sensors. Thus, thin-films can generate patterns that turn 
simple optical waveguides into tunable filters [17], but they also can be deposited 
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onto optical substrates to design sensors, giving specificity to a wide variety of 
physical/chemical/biological phenomena, such as solar radiation, moisture, pH, 
gases, refractive index or any type of illnesses [18-20]. 
In this sense, next section will show the main thin-film deposition 
techniques used during this thesis. For each method, the working principle will be 
presented first and some applications involving their use will be mentioned. Then, 
the use of thin-films to generate the sensing phenomena analyzed during this 
thesis: electromagnetic resonances, will be studied. 
 
Fig. 2.2. (a) Self-cleaning TiO2-based thin-film on a tube to avoid environmental corrosion. After 4 
years, the left side of the structure remains like the first day, whereas the right side has been affected 
[13]. (b) An antibacterial polymer-based thin-film to prevent E. coli growth [15]. No bacteria presence 
is observed after depositing 17 nm of thin-film, in comparison with bulk and control samples. 
 
2.2. Deposition of thin-films by means of nanotechnology techniques 
Along this thesis, three main techniques have been used to deposit thin-
films onto the desired substrates. The following lines try to briefly summarize the 
state of the art in every of them, in order to have an idea of their uses. 
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2.2.1. Layer-by-layer assembly 
This deposition technique is also known as molecular self-assembly [21], 
electrostatic self-assembly (ESA) [15] or layer-by-layer (LbL) assembly [22], 
although, for the sake of simplicity, it will be called LbL-assembly henceforward. 
This method takes advantage of a property of the matter in these sizes called self-
assembly. Certain type of molecules are able to orient and assemble spontaneously, 
forming complex structures, such as DNA, proteins and many biological and organic 
compounds. To address this, there is a need for a high purity degree in the 
substances. The attraction forces generated during the assembly is given by the 
nature of the binding between molecules and they will be stronger or weaker 
depending on whether these binds are covalent, ionic, hydrogen or Van der Waals 
bonding, etc. 
LbL-assembly is produced due to electrostatic attraction forces between 
molecules. As a consequence, it is usual to use substances which may present some 
kind of charge when dissolved, leading to positive or negative compounds. Thus, 
several layers of positive and negative materials can be assembled, forming a thin-
film in a nanometer scale onto the desired substrate. This characteristic is very 
interesting in terms of fabrication, since an accurate control of the process can be 
done, stopping the deposition when desired. The final results of the process will 
strongly depend on how the deposition is designed. 
Among the advantages this technique gives, it is interesting to remark the 
versatility, not only in the materials to be deposited (polymers, biological 
substances, nanoparticles,…) but also in the substrates used and their size, since 
the deposition can be carried out in a high quality manner as long as the dipping 
recipient is large enough. In this sense, LbL-assembly can be performed onto a wide 
variety of substrates, such as ceramics, metals and polymers of different shapes 
and forms, including planar substrates, prisms, concave and convex lenses and even 
optical waveguides [23], as it will be shown during this thesis. However, it is 
important to know which compounds are susceptible to be deposited by this 
method, because not all the substances can be charged to be deposited. In 
particular, the main group of substances that can be used for LbL-assembling is that 
formed by polyelectrolytes. 
 The LbL-assembly technique involves different steps, which can be scaled 
to an industrial level due to their easiness to be carried out. In Fig. 2.3 this process 
is schematically described. First of all, the substrate is cleaned and treated to create 
a charged surface. After this step, the substrate is alternately dipped into solutions 
of cationic and anionic substances to create a multilayer thin-film. If the initial 
charge of the substrate is positive and the materials to deposit are polyelectrolytes, 
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the first monolayer will be a polyanion, whereas if it is negative, the first deposited 
monolayer will be a polycation. The result of a positive monolayer and a negative 
monolayer will be called “bilayer” henceforward. In this way, a multilayer structure 
is formed by electrostatic attraction between each bilayer and the bilayer 
previously deposited. After each polyelectrolyte immersion, the substrate is rinsed 
in ultrapure/deionized water (18.1 MΩ/cm) to remove the excess of material. At 
the end of the process, the molecular species of the anionic and the cationic 
components and the long-range physical order of the layers determine the resulting 
coating properties. 
Fig. 2.3. Schematic of a layer-by-layer assembly deposition technique. 
 
 It is important to note that the polyanions and polycations overlap each 
other at molecular level, and this produces a homogeneous optical material. The 
composition and thickness of an individual bilayer can be controlled by adjusting 
the deposition parameters (concentration of solutions, pH, temperature, 
immersion times, etc).  
 To perform a classic LbL-assembly, the first approach is to prepare the 
positive and negative solutions and alternately immerse the substrate in them. 
However, there is an increasing interest in depositing using LbL-assembly but 
varying not only the deposition parameters but the way of depositing. In this sense, 
instead of just dipping, the polyelectrolytes can be sprayed, like in “spray-coating” 
[24] or stirred while depositing, like in agitating LbL-assembly [25]. The goal of 
spray-coating is to increase the smoothness of the thin-film by depositing little 
drops of material, what is an enhancement in comparison to just dipping the 
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substrate in the solution. A curious example of a thin-film deposited by LbL-spray-
coating can be observed in Fig. 2.4 for a titanium oxide/silica matrix. In the case of 
stirring LbL-assembly, the goal is to obtain a more homogeneous solution at the 
same time the materials are deposited, so that the quality of the thin-film remains 
more constant than in a classic process.  
 Whichever the type of deposition desired, LbL-assembly is one of the most 
common utilized techniques to functionalize surfaces and obtain the desired 
behavior. In particular, there are LbL-assembly depositions to obtain organic LEDS 
[26], superhydrophobicity [27] or with application as anti-fog [28]. In the 
biomedical field, the majority of the applications are related to drug delivery 
structures [29], biocompatibility [30] and trying to adsorb bioreceptors with the 
objective of designing biosensors [31]. 
 
Fig. 2.4. TiO2/SiO2 nanostructure deposited by LbL-spray-coating. The thinner layers are TiO2 whereas 
the thicker layers are silica. (a) TEM image and (b) microscope image of the resulting thin-film. (c) 
Reflectance spectrum as a function of the increasing thickness [32]. 
 
2.2.2. Sputtering 
Sputtering is a phenomenon in which atoms are pulled out from a solid 
material (known as target) due to its bombardment by particles previously 
energized. It is commonly utilized for thin-films deposition, physical etching and 
analytical techniques [5]. There are several ways to deposit substrates by 
sputtering. Radiofrequency sputtering is one of them [33], although one of the 
most used from an easiness to handle and economic point of view (this work does) 
is that based on the application of a high voltage polarization between two 
electrodes, using an inert gas to carry out the deposition [34]. 
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Fig. 2.5 presents a schematic of what happens during a sputtering process 
on a substrate by using the high voltage polarization method [34]. First, the 
substrate is cleaned in order to remove impurities and dirtiness from its surface. 
Then it is introduced in a vacuum chamber, between the target (acting as a cathode) 
and an anode connected to ground. When the deposition begins, the sputter 
equipment makes vacuum inside the chamber. Typically, a noble gas (i.e. Argon) is 
then released into the chamber increasing the pressure. The fact of introducing a 
noble gas corresponds to the need for developing the process in an inert 
atmosphere, so that both the target and the substrate are not contaminated by 
external agents. Moreover, Argon is chosen because in spite of being a noble gas 
and, therefore, difficult to alter, it is easy to ionize with high voltage.  
Hence, after stabilizing the pressure and voltage conditions into the 
chamber, the deposition process begins. Due to the high voltage reached between 
the target and the ground, an electron current is generated, which ionizes the 
Argon. The electric field attracts the ionized Argon to the cathode starting a 
bombardment of the target and, consequently pulling out material from it. The 
released material follows the electric field created and is deposited onto the 
substrate. Moreover, during this process some of the ionized Argon atoms can 
recover electrons and become stable. When this happens, a recombination is 
produced and a photon is released. Consequently, a colored plasma can be 
observed into the chamber during the deposition. In addition to this, the free 
electrons can be accelerated, producing more collisions against other Argon atoms 
that permit to pull out more material from the target. Finally, the materials are 
deposited onto the substrate by condensation. 
 
Fig. 2.5. Schematic of a sputtering deposition technique. 
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Depending on the parameters the sputter equipment has been scheduled 
with, different qualities and types of deposition can be obtained. Specifically, the 
average number of atoms pulled out from the target per incident ion depends on 
the ion incident angle, the ions energy, the ions masses, the target atoms and the 
surface binding energy of the target atoms. 
This technique is commonly utilized in thin-film depositions for jewelry [35] 
and electronics, mainly, to fabricate transistors or PIN diodes on top of previously 
masked surfaces [36]. It is also frequent to deposit different materials on top of 
silicon wafers or glassy substrates. As a biomedical application, sputtering is used 
to produce layers that generate sensing phenomena. Once deposited and after 
depositing a sensitive biological element, they can be used to detect biological 
analytes [37]. 
 
2.2.3. Spin-coating 
Similarly to sputtering, spin-coating is a procedure used to deposit uniform 
thin-films on flat substrates. But in this case, the equipment used for spin-coating 
is called a spin-coater, or simply, a spinner. 
Fig. 2.6 shows a schematic of what happens when a substrate is deposited 
by spin-coating. Basically, a small amount of coating material is applied on the 
center of the substrate, which can be spinning at low speed or not spinning at all. 
The substrate is then rotated at high speed in order to spread the coating material 
by means of centrifugal force.  
The effect of the spinning, essentially, centrifuge force, makes the coating 
material to spread to the edges of the substrate, at the same time the layer 
thickness decreases until desired. The applied solvent is usually volatile, and 
simultaneously evaporates, although it is acceptable to anneal after the spinning. 
In spin-coating technique, an increase in the angular velocity will lead to a thinner 
thin-film. The thickness of the film also depends on the viscosity and concentration 
of both the solution and the solvent. 
Spin-coating is widely used in microfabrication of oxide layers using sol-gel 
precursors, where it can be used to create uniform thin-films with nanoscale 
thicknesses [38]. It is also used in photolithography, to deposit photoresist layers 
around 1 micron thick.  
As occurs with sputtering, spin-coating is commonly deposited on any type 
of substrates to create electrodes or another class of thin structures on them. But 
because there is no need for inducing voltages or magnetic fields, it is also possible 
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to deposit polymer or metal oxide-based thin-films to achieve a broader range of 
applications. 
 
Fig. 2.6. Schematic of a spin-coating deposition technique. 
 
2.3. Generation of electromagnetic resonances using thin-films 
Before describing the light propagation in optical structures deposited with 
a thin-film, it is interesting to take a look at the properties of the thin-film itself. 
First, it is important to take into account that each specific material owns 
intrinsic characteristics that make them propagate the light in different conditions. 
This characteristics can be modeled by the complex dielectric permittivity (𝜀̂) [39]. 
Thus, for a generic material, its permittivity is given by Eq. (2.1): 
 
𝜀̂ = 𝜀′ + 𝜀′′𝑖  (2.1) 
 
where ’ and ’’ are the real and imaginary parts of the medium’s dielectric 
permittivity 𝜀̂ and both are frequency dependent. The former is related to the 
stored energy within the medium, whereas the latter is related to the loss of energy 
within the medium. In fact, 𝜀̂ is the well-known quotient between both 
displacement (D) and electric field (E) magnitudes, something widely explained in 
the fundamentals of electromagnetism. 
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The dielectric permittivity can also be expressed as a function of the 
refractive index and the absorption of the materials. The refractive index (n) is 
related to the inner molecular structure of the material, which makes the speed of 
light (denoted as v) be different than when propagating in vacuum (denoted as c). 
Thus, the refractive index is normally expressed as the ratio n = c/v. On the other 
hand, materials can absorb energy from the light. Such phenomenon is represented 
by the extinction coefficient or absorption coefficient (k). Therefore, Eq. (2.1) can 
be also expressed as Eq. (2.2) [40]: 
 
𝜀̂ = 𝑁2 =  (𝑛 + 𝑘𝑖)2 = 𝑛2 − 𝑘2 + 2𝑛𝑘𝑖  (2.2) 
 
where N = n + ki is known as the complex refractive index of the medium/material. 
By identifying Eqs. 2.1 and 2.2 it is possible to obtain the values for ’ and ’’, 
expressed in Eqs. 2.3 and 2.4. 
 
 𝜀′ = 𝑛2 − 𝑘2           (2.3) 
 𝜀′′ = 2𝑛𝑘           (2.4) 
 
Taking into account the previous considerations on the materials losses, it 
is important to highlight that every material not owning or owning negligible 
absorption properties (dielectric materials, generally) will have a null imaginary part 
and, therefore, both its permittivity and refractive index will be real magnitudes. 
On the other hand, pure metals, materials with metallic characteristics or similar 
will own an imaginary component due to these conductive characteristics since 
they absorb part of the light. Consequently, 𝜀̂ and N will be complex numbers in 
those cases. The relationships among n, k, ’ and ’’ are shown below, in Eqs. (2.5) 
and (2.6) by simply solving the system of equations formed by (2.3) and (2.4): 
 𝑛 =  √
√𝜀′2+ 𝜀′′2+ 𝜀′
2
            (2.5) 
 𝑘 =  √
√𝜀′2+ 𝜀′′2− 𝜀′
2
            (2.6) 
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It is interesting to take into account the previous relationships, since 
depending on the different parameters, light will experiment the corresponding 
changes during its propagation within the materials. Nevertheless, there is also a 
need for reviewing the Snell’s Law, since quite many of the light waveguides and, 
particularly, those in this thesis, use this phenomenon to propagate the light 
through them. 
Thus, Fig. 2.7 represents a schematic typically used to describe the Snell’s 
Law. From the ray theory point of view, when an incident beam strikes the interface 
between two media 1 and 2, in part is reflected and in part refracted with angles θ3 
and θ2 respectively. Applying trigonometry to these considerations, it is simple to 
derive the Snell’s Law. One of the most interesting conclusions is the possibility of 
calculating the necessary incident angle to reflect the light totally, known as “critical 
angle”. For incident angles higher than the critical, light experiments the 
phenomenon of “total internal reflection” (TIR). This is the working principle of 
light propagation in optical fibers, the main optical substrate utilized in this thesis, 
and the same applies for most of the current light waveguides. 
Once these concepts have been revised, it is possible to understand what 
happens when the light travels through a material and hits the interface between 
this material and another with different refractive index (i.e. an air – water 
interface). In particular, during this thesis the analysis will focus on the light 
propagation when a wave front faces the interface between a silica substrate (a 
dielectric material) and an absorbing thin-film made of a material deposited on it. 
In this sense, both permittivity and refractive index values will be real for the 
substrate, whereas depending on the thin-films deposited, the materials will 
present complex refractive indices. 
 
 
Fig. 2.7. Schematic of Snell’s Law and conditions for TIR regime. 
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The previous considerations have been extracted from a classic optics point 
of view, which means using the ray theory. However, since the substrates used 
during this thesis are light waveguides, it is better to explain what is happening from 
a mode theory point of view [41]. In this sense, it is already known that the interface 
between two media with different properties supposes a discontinuity when 
describing the light propagation. If an electromagnetic wave is propagating along a 
silica medium and suddenly finds another medium with different propagation 
conditions (i.e. air), it seems logical to establish some boundary conditions that 
ensure the electromagnetic field continuity when solving the Maxwell equations. 
Thus, assuming this continuity, the energy of those modes allowed to propagate 
has to be transferred somewhere following the energy conservation principle. 
Solving Maxwell equations is not the objective of this thesis, but the corresponding 
mathematical formulae can be found elsewhere [41] and, by following the 
development, it is possible to prove that there is a tiny region where the standing 
wave decays exponentially out of the waveguide. This standing wave is called 
“evanescent field”. Moreover, there is a penetration length/depth, dp, which is 
defined as the distance where the evanescent field is reduced to 1/e. This distance 
can be calculated by evaluating Eq. (2.7) [42]: 
 
𝑑𝑝 =  
𝜆
2𝜋√𝑛1
2𝑠𝑖𝑛2𝜙−𝑛2
2
        (2.7) 
 
where  is the free-space wavelength of incident light, n1 and n2 are the refractive 
indices of the materials involved in the light guidance and  is the light incidence 
angle at the interface between both media.  
The evanescent field can be taken in advantage for many applications, as 
shown in [43]. In fact, during this thesis, it will be shown how to use and modulate 
it by depositing thin-films onto optical substrates. 
However, since light propagates as an electromagnetic field, what is 
obtained after solving the Maxwell equations is a combination of propagation 
modes. Each of this propagation modes generates its own evanescent field. 
Consequently, the evanescent field of the waveguide is actually a superposition of 
these propagation modes, each one contributing with its own evanescent field in a 
very short distance out of the waveguide.  
Now, if a thin-film of a certain material is deposited onto the silica 
substrate, its behavior will be influenced by the evanescent field of the waveguide. 
Indeed, part of the energy propagated in these modes will be transferred to the 
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thin-film. Under these conditions, some wavelengths can suffer strong attenuation 
whereas the opposite is true for the rest. This leads to a resonant phenomenon 
called electromagnetic resonance (EMR). 
Therefore, during this thesis, an electromagnetic resonance (EMR) will be 
defined as a physical phenomenon obtained by the coupling of light modes from a 
silica waveguide where they are initially propagating to the thin-film deposited on 
it. The idea is that those modes that have been coupled to the deposited thin-film 
are modulated by the thin-film’s intrinsic characteristics, intimately related to its 
frequency dependent permittivity (𝜀̂) and, therefore, to its refractive index and 
absorption. Moreover, this coupling of modes is produced in a restricted 
wavelength range and it is no longer returned to the original waveguide. So when 
observing the obtained spectrum in the output signal, a dip is obtained for that 
wavelength range. At the same time, both the substrate and the thin-film set the 
adequate conditions to modulate the coupling to the thin-film, which may lead to 
a wide variety of phenomena and applications [44]. 
An example of EMRs generation is presented in Fig. 2.8. Here, a glassy 
substrate (silica) with refractive index N3 is coated with a thin-film of refractive 
index N2, following the Krestchmann configuration [45]. Surrounding this structure, 
there is a thin-film of certain material as external medium, with refractive index N1. 
Hence, when light tries to propagate either in 1-2 interface or in 2-3 interface, the 
refractive index differences will allow an energy transfer (coupling of light modes) 
from the silica substrate to the thin-film. Due to this, the corresponding EMRs will 
be generated. Consequently, a dip or attenuation band will show up in the optical 
spectrum, when looking at the detector placed on the other side of the set-up. 
Then, a further tracking or characterization of the EMR behavior can be done. 
Where and how these EMRs are guided is something to be discussed in the 
following subsections. As it has been mentioned, EMRs can be generated and 
characterized by adsorbing thin-films onto optical waveguides [46]. Depending on 
the boundary conditions applied to the Maxwell equations in these waveguides, 
three main EMRs families can be distinguished after solving them: long-range 
exciton-polaritons (LRSEPs) [47], surface plasmon resonances (SPRs) [48], and lossy 
mode resonances (LMRs) [49]. There are several facts that make them distinguish 
one from another. They have been summarized in Table 2.1. Also, several examples 
of these 3 different types of resonances are given in Fig. 2.9. 
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Fig. 2.8. Krestchmann configuration to obtain electromagnetic resonances. Inset: cross-section of the 
set-up, to see the influence of the different media in the light. 
 
2.3.1. Long-range surface exciton-polaritons (LRSEPs) 
Long-range surface exciton-polaritons are electromagnetic surface modes 
confined at the interface of a thin-film surrounded by a homogeneous dielectric 
(i.e. silica) [50]. The potential of this technology is still to be studied and maybe 
because of that they are receiving less attention by the scientific community. In 
order to propagate an LRSEP, it is necessary to have a very high imaginary part of 
the permittivity (which means high conductivity and, therefore, they are usually 
generated with metallic thin-films) and a very low real part, which means to have 
similar values in both n and k in magnitude (see Fig. 2.9a). However, the study of 
these resonances falls beyond the scope of this thesis, so they will no longer be 
analyzed. 
 
2.3.2. Surface Plasmon Resonances (SPRs) 
SPRs are generated when the real part of the thin-film permittivity is 
negative and higher in magnitude than both its own imaginary part and the real 
part of permittivity of the material surrounding the thin-film (i.e. the optical 
waveguide and the surrounding medium in contact with the thin-film), as 
summarized in Table 2.1 [46,48].  
In accordance with the previous definition of EMR, the energy transfer (also 
known as coupling) occurs between the evanescent field of the light propagating 
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within the substrate and a surface plasmon on the thin-film surface. A surface 
plasmon is the particle for describing electron density waves in the thin-film 
surface. A photon is the particle for describing light waves. Thus, an incident light 
photon at a determined wavelength (optical frequency) will be converted into a 
plasmon in the thin-film and it will propagate parallel to the light direction of 
propagation. This energy is no longer returned to the substrate, so if this occurs for 
a determined number of wavelengths, this will be visualized as a dip in the optical 
spectrum when detecting. This dip is what is called surface plasmon resonance. A 
dip in transmission is the same as a rise in absorption, as represented in Fig. 2.9b. 
Due to these metallic characteristics, it is usual to induce SPRs by fabricating 
a thin-film of sputtered noble metals such as gold, silver or copper but also with 
sodium, aluminum or indium. However, indium is too expensive, sodium too 
reactive, copper and aluminum provide broad SPRs and silver oxidizes easily. This 
reinforces gold as the most practical metal, due to its stability under many 
environmental conditions. 
SPRs can be excited using the Krestchmann configuration proposed in Fig. 
2.8. However, there is a need for launching monochromatic and TM-polarized (or 
p-polarized) light to excite the plasmonic waves. The reason for this is that an SPR 
can be understood as conductivity fluctuations of collective surface density charge 
oscillations. These charge densities have to be excited by an external electric field. 
TM-polarized light is the only polarization that contains an electric field component 
perpendicular to the silica - thin-film interface. Therefore, TM-polarizing is the only 
way to obtain these charge densities and, consequently, to excite the SPRs [51]. 
Thus, the light must be previously polarized, leading to an increase in the final 
device cost.  
Additionally, as the thin-film increases, the metal absorption also increases 
and there is a hardly visible shift in wavelength. This phenomenon is produced 
because there is a pure metal thin-film over the substrate. A pure metal determines 
the plasmons oscillations at one frequency/wavelength predominantly. 
Consequently, only the photons with that precise energy are allowed to induce the 
resonance. Moreover, this situation remains as long as the thin-film thickness is in 
a range between 10 and 200 nm [52]. For thickness values higher than this, the 
evanescent wave is not able to reach the thin-film surface, so the plasmons cannot 
be excited and the whole system behaves as a new waveguide, making the 
resonance to disappear.  
The fact of not being able to shift in wavelength while the resonance is 
generated supposes a drawback when designing SPR-based devices, since it is not 
possible to tune the resonances for a specific application. That is why, applications 
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based on the embedding of gold nanoparticles (nanospheres or nanorods, mainly) 
in a thin-film have been showing up lately [53,54] (see Fig. 2.9b). Working with 
nanoparticles instead of a plane and homogeneous thin-film makes the SPRs to be 
localized in the particles. The particles vibrations excite other particles and a 
localized SPR (LSPR) is obtained. The problem with LSPRs is that, since these 
particles are not always the same size, the width of the resonance broadens. 
However, depending on the application, the benefits allow to lose resolution in the 
phenomenon. Most of LSPRs are induced by gold nanospheres and are normally 
centered around 520 nm. In the case of gold nanorods, two LSPRs are generated at 
around 520 nm and 780 nm respectively. The second LSPR seems to be more 
sensitive to changes in refractive index, since the wavelength shift is higher than 
that presented by the LSPR at 520 nm. This is good in terms of improving the high 
sensitivity of SPRs, which can reach 57,000 nm/RIU [55] with a resolution limit of 
10-7 RIU [56]. 
 
2.2.3. Lossy Mode Resonances (LMRs) 
A review of the most recent updates for lossy mode resonances is done in 
the following lines.  
LMRs are generated when the real part of the thin-film permittivity is 
positive and higher in magnitude than both its own imaginary part and the real part 
of the permittivity of the material surrounding the thin-film [57] (see Table 2.1). 
This kind of EMRs have received several names, such as long-range guided modes 
[46] or lossy modes [58]. The last term is used during this thesis, because there is a 
light coupling from a waveguide to a thin-film with complex refractive index. 
Consequently, modes guided in the core own a complex effective index, which is 
considered by some authors as a lossy mode [40,58]. This notation, lossy mode, is 
a specification of the group of guided modes. The phenomenon occurs when one 
of these lossy modes is near to cut-off in the thin-film [58]. Therefore, the 
corresponding resonances will be called “lossy mode resonances” or “LMRs” 
henceforward. 
As it can be observed in Table 2.1, not only the conditions for the 
permittivities are shown, but also the corresponding conditions for the involved 
complex refractive indices. However, it may be difficult to have an idea of what they 
look like in a graphical representation. That is why Fig. 2.10 is plotted, so that these 
conditions can be distinguished at first sight. The horizontal axes represents the 
real part (n) whereas the vertical axes corresponds to the imaginary part (k). Given 
the conditions for the permittivities, the corresponding conditions for the refractive 
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index can be deducted. First, it is easy to notice that LRSEPs can be excited when 
the refractive index of the material is quite high. SPRs are excited when the 
imaginary part of the thin-film’s refractive index is higher than 2.4 times its own 
real part and also than that of the substrate, something that typically happens for 
pure metals. Symmetrically, LMRs are excited when the real part of the thin-film’s 
refractive index is higher than 2.4 times its own imaginary part and also than that 
of the substrate. These conditions are met typically by polymers and metal oxides, 
as it will be shown during this thesis. Along this whole document, the substrates 
are made of silica. The refractive index for silica is N = n = 1.45 and it does not vary 
so much between 400 and 2000 nm [59,60], so the approximation made by Table 
2.1 and Fig. 2.10 can be assumable. 
 
Table 2.1. Summary of the propagation conditions to generate electromagnetic resonances onto 
thin-film-deposited silica substrates. 
 
As examples of EMRs, LMRs also fulfill the boundary conditions that solve 
the Maxwell equations, in order to describe the coupling of modes from those 
modes propagating in the substrate to the thin-film. Hence, the conditions 
indicated in Table 2.1 are necessary and sufficient. In this sense, the explanation of 
the LMRs generation is summarized in the following lines.  
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Fig. 2.9. Different shapes of EMRs. (a) Refractive index sensor based on LRSEPs generated at 530 nm 
for p-polarized light [50]. (b) SPRs obtained depending on the nanoparticle shape [61]. (c) Generation 
of LMRs as a function of the increasing thin-film [62]. 
 
Fig. 2.10. Representation of the n,k plane for the generation of electromagnetic resonances. The 
complex refractive index is defined as N=n+ki.  
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The general idea underlying LMRs is that, as the thin-film thickness 
increases, a mode propagating in the waveguide starts to be guided in the thin-film. 
When this mode is near cut-off there is an important coupling of light from the 
waveguide to the thin film. The same idea observed as a function of thickness can 
be translated as a function of wavelength. For specific wavelength ranges there is 
a mode near cut-off. Consequently, there will be a lack of optical power at these 
wavelength ranges, which will be translated into dips in the optical spectrum. Fig. 
2.9c shows an example of this kind of attenuation bands. 
Moreover, in spite of the recent research to study the LMRs behavior under 
the Krestchmann configuration [63], most of the publications related to LMRs have 
been developed by depositing thin-films onto optical fibers. Therefore, the 
description of the light propagation for the LMRs during this thesis will be 
addressed from a fiber-optics point of view. 
From the previous considerations, some important aspects concerning 
LMRs and SPRs must be addressed. 
The first one is the kind of materials that can be deposited to generate 
them. By looking at both Table 2.1 and Fig. 2.10, as long as the real part of the thin-
film permittivity is positive and the absorption coefficient (k) is low, many materials 
except pure metals (as in SPRs) can induce LMRs. For instance, several contributions 
using metal oxides [62,64] or polymer coatings [65] have successfully proved to 
produce LMRs so far. This is something to be continuously explored in the near 
future, in order to have an idea of what specific materials can induce LMRs. 
The second consideration is the kind of modes propagated in the deposited 
optical fiber. It is important to notice that the structures analyzed during this thesis 
are cylindrically symmetric. Due to this kind of symmetry, it is known that the 
modes propagating in these structures are hybrid and present the form HE1,n or 
EH1,n, which is more complicated to analyze than the planar substrates utilized for 
Krestchmann configuration. However, some assumptions can be made. 
Particularly, if the optical fiber owns a large diameter, then it is possible to 
approximate the geometry of the structure as planar. In this case, a simple method 
based on the attenuated total reflection (ATR) theory can be used (see Appendix 1 
for more information on how to work with this method). Under this assumption, a 
planar geometry is considered, so the modes are not hybrid, but TE or TM modes. 
On the other hand, if the diameter of the optical fiber is reduced, the planar 
approximation is no longer valid, so a cylindrical geometry must be considered. This 
is the philosophy of FIMMWAVE® and CAMFR, simulators also used along this thesis 
and presented in Appendix 1. Thus, in spite of dealing with hybrid modes and for 
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the sake of simplicity, all the analyses during this thesis will consider the 
propagation of TE and TM modes. 
This fact has some important implications when explaining the generation 
of SPRs and LMRs, since everything turns simpler. For instance, the generation of 
SPRs in optical fibers can be explained as a coupling of the TM-polarized light used 
in Krestchmann configuration to a predominantly TM-shaped mode in the optical 
fiber. This makes the SPRs show up in a deposited optical fiber when a white light 
spectrum is launched without the need of a polarizer or a polarization maintaining 
fiber [66]. In the LMRs case, these resonances can be excited by simply launching a 
white light spectrum, although it is also possible to polarize and take measurements 
with both polarizations since the LMRs are generated for TE and TM modes [67,68].  
The third aspect is that unlike SPRs, in which only an increasing absorption 
resonance is generated as the material is deposited, LMRs have the capability of 
generating several resonances in the transmission spectrum as a function of the 
increasing thin-film thickness. Since the phenomenon occurs when the lossy mode 
is near cut-off, it is stated in [40] that there are mode cut-off thickness values that 
lead to attenuation maxima, as shown in Figs. 2.9c and 2.11. Each of these maxima 
corresponds with a new mode that is guided in the thin-film under near cut-off 
conditions. This idea can be extrapolated to the wavelength spectrum, where there 
are also attenuation bands caused by absorption maxima at specific wavelength 
values. Thus, as the material keeps on depositing, it is possible to tune the LMRs 
and locate them wherever desired in the optical spectrum by just controlling the 
amount of material deposited [64], as shown theoretically and experimentally in 
Fig. 2.11.  
Additionally, some other characteristics can be extracted by deepening on 
the study of LMRs. Some of them are considered in this chapter, since they will be 
used along the different explanations in this thesis. 
One of the most interesting is the influence of the deposited material in the 
resonance. Materials with high real part in the refractive index (n) generate more 
resonances than those with a low n. At the same time, materials with a high 
imaginary part in the refractive index (k) will absorb more light (as occurred in 
SPRs), so k will only influence in the depth of the resonances [64]. For instance, in 
Fig. 2.11 it can be observed that the [TiO2/PSS] thin-film generates more resonances 
than in the [PAH/PAA] case. The reason is that the refractive index of [TiO2/PSS] 
structure is higher than that of [PAH/PAA] (see Fig. 2.12a) and, hence, the 
[TiO2/PSS] structure can support more lossy modes than the [PAH/PAA] structure 
under the same conditions.  
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Fig. 2.11. Spectral response obtained as a function of thickness for (left row) a high refractive index 
thin-film and (right row) a low refractive index thin-film deposited onto a cladding removed optical 
fiber (the surrounding medium refractive index is 1.321): (a) theoretical, (b) experimental [64]. 
 
Moreover, it has been previously indicated that each of the LMRs 
corresponds with a mode near cut-off. Consequently, LMRs occur at specific 
wavelength values [62]. The generation process can be visualized in Fig. 2.13, for 
both ITO and In2O3 coatings for different thicknesses. At high wavelength values 
there is no guidance in the coating. As we move to lower wavelength values, a first 
mode is close to the cut-off condition, and an LMR is generated in the spectrum. 
This LMR is considered as the first LMR because it is caused by the first lossy mode 
guided in the coating. If moving to lower wavelength values, a second mode 
reaches the cut-off condition and is then guided. As a result another LMR is 
obtained in the spectrum. This LMR is considered as the second LMR because it is 
caused by the second lossy mode guided in the thin-film. The same explanation is 
valid for the subsequent LMRs showing up in the spectrum. 
Another aspect to take into account is the different nature of the 
resonances obtained with different materials. It is easy to observe in Fig. 2.14a and 
b that the LMRs are more separated for an ITO thin-film than for an In2O3 thin-film. 
For instance, when a 220 nm ITO coating is deposited, there is an LMR at 1188 nm 
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but the second resonance is not yet visible (it is located below 500 nm). However, 
for an In2O3 coating of 49 nm, the first LMR, located at 986 nm, is already 
accompanied by a second LMR, located at 627 nm. The explanation is that both 
LMRs visible for a 49 nm In2O3 coated device are actually the LMRs associated to 
two different polarizations (we group them in Fig. 2.14c as dual-peak ‘A’). The same 
is true for the 86 nm In2O3 coated device, so that is why we group them in Fig. 2.14c 
as dual-peak ‘B’. In the case of ITO coating these resonances are closer to each other 
and they form just a single LMR (TE and TM polarizations are together).  
 
Fig. 2.12. Refractive index dispersion curves of [TiO2/PSS] and [PAH/PAA]. (a) Refractive index real 
part (n). (b) Refractive index imaginary part (k) [64]. 
Fig. 2.13. Experimental transmission spectra as a function of thickness for (a) ITO and (b) In2O3 
deposited layers [62]. TE and TM modes are represented to indicate single-peak or dual-peak LMRs. 
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Fig. 2.14. Simulated transmission spectra for three different polarizations: TE, TM and TE+TM. (a) 
220 nm ITO deposited layer, (b) 86 nm In2O3 deposited layer. (c) Experimental results of resonance 
wavelengths as a function of the surrounding medium refractive index for dual-peak resonances 
obtained with In2O3 coatings (A indicates a 49 nm coating and B indicates a 86 nm coating) [62]. 
 
In order to understand this question, in Fig. 2.14a and b the transmission 
spectra of two different devices (220 nm ITO coating and 49 nm In2O3 coating) for 
TE polarization, TM polarization and TE+TM polarization are presented. The 
evolution of the dual-peak LMRs obtained with indium oxide coatings is tracked in 
Fig. 2.14c as a function of the surrounding medium refractive index. Moreover, it 
has been previously indicated that the real part of the refractive index influences 
the number of LMRs propagated in the thin-film, whereas the imaginary part 
influences the depth of the resonance. In fact, is the k parameter what permits to 
observe this single or double peak in the LMRs. If k value is low, then the 
attenuation will not be so strong and it will be possible to see both TE and TM 
polarizations if they are sufficiently separated. The opposite will occur if k is higher 
[62]. 
Finally, a last consideration on the LMRs sensitivity is addressed. Taking a 
look to Fig. 2.11 it can be observed that the shifts of the resonances are different. 
For instance, focusing on the [TiO2/PSS] case, less than a 200 nm-thick layer is 
enough to propagate the first resonance from 400 to 1700 nm. The second 
resonance can be tracked from 100 nm to 800 nm of layer thickness and so on. In 
the [PAH/PAA] case, the first LMR can be visualized from 200 to 1200 nm, whereas 
the second shows up at 900 nm and, due to its inclination, probably it will shift 
slowly, so more than 2 microns of thickness will be needed to make it shift over 
1700 nm. In view of this, it seems obvious that the first resonance shifts in 
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wavelength faster than the others. Therefore, a good strategy to design LMR-based 
sensors is to deposit thin-films until the first LMR is obtained. 
To finish this analysis on the state of the art for LMRs, it is compulsory to 
mention the achievements reached with this technology. In this sense, since the 
beginning of the studies on LMRs, their applications have spread to sensing devices, 
mainly. Thus, a wide variety of sensors have been shown, involving refractometers 
[69], humidity sensors [70], pH sensors [65] and biosensors [71], although their limit 
is still to be explored.  
 
2.4. Conclusion 
This second chapter has reviewed the state of the art in thin-film deposition 
techniques, trying to explain those methods utilized along this thesis. A high 
potential is predicted for the upcoming years when talking about the possibilities 
that thin-film depositions provide in terms of functionalizing surfaces to achieve 
novel properties in our daily life. 
Also, as a particular application for the deposition of thin-films, the 
generation of electromagnetic resonances has been addressed. A special attention 
has been paid to describe the sensing phenomena used along this thesis: lossy 
mode resonances or LMRs. Such resonances have the potential of improving the 
results obtained with surface plasmon resonances (SPRs) when used as a sensing 
technology and this thesis tries to show how to improve their characteristics. But 
even if the resonant phenomenon is not required, the possibility of increasing the 
sensitivity of the device can be achieved by depositing thin-films of the same 
materials that generate the LMRs. Next chapters will show both phenomena and 
some sensing and biosensing applications as sensors will be shown. 
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 CHAPTER 3. Sensors based on lossy mode resonances by 
means of thin-films deposited on cladding removed 
optical fibers 
 
3.1. Generation of lossy mode resonances in cladding removed multimode 
optical fibers (CRMMFs) 
 As mentioned in the previous chapters, the main optical structure used in 
this thesis is the optical fiber. In this sense, an adaption of Fig. 2.8 in chapter 2 can 
be done, substituting the generic substrate by a fused silica optical fiber waveguide. 
Fig. 3.1a shows a schematic of a typical optical fiber with the silica core and the 
cladding layers. Due to the differences between their refractive indices, light is 
propagated through the core by means of total internal reflection.  
One of the simplest ways to modify the conditions for the light propagation 
in an optical fiber is accessing the core directly. In fact, there are some optical fibers 
with removable cladding made of polymer. Consequently, there is an actual 
possibility of modulating the light propagating in the core using this technique. In 
this chapter, a multimode cladding removable optical fiber is used. If this fiber is 
deposited with a thin-film, lossy mode resonances (LMRs) can be obtained. This is 
the easiest way to generate these resonances with optical fibers. 
Hence, if a light source (for instance, a white light source) is connected on 
one side of the fiber and an adequate spectrometer is connected in the other side, 
it is possible to monitor LMRs as the optical silica – air waveguide is being deposited. 
Fig. 3.1b shows an example of an LMR wavelength shift as the fiber is deposited 
performing a layer-by-layer assembly (LbL-assembly) process. 
Now, some key concepts must be defined before addressing the study of 
any LMRs during the following chapters. Essentially, the main parameters to 
consider when defining LMRs are three and they are also indicated in Fig. 3.1b.  
The first one is the resonance wavelength (r), defined as the value of the 
wavelength with maximum attenuation (or minimum transmission).  
It is also interesting to analyze the spectral width of the resonance. To have 
an idea of the resolution given by this kind of resonances, it is good to define their 
spectral width (Δλ) as the wavelength range covered by the LMR at a transmission 
level 3 dB above the resonance minimum or at an absorption level 3 dB below the 
resonance maximum. In Fig. 3.1 this magnitude can be visualized as Δλ. 
Chapter 3  52 
 
 
Fig. 3.1. (a) Schematic of a thin-film deposition process for a cladding removable optical fiber. The 
light keeps on propagating through the core, although some light is coupled into the thin-film, 
generating the LMR. (b) A typical LMR shape as a function of the increasing thin-film thickness [1]. 
 
Moreover, due to their capability of shifting in wavelength, the magnitude 
“LMR shift” denotes the number of nanometers the LMR shifts, either because of 
the thin-film deposition or during the detection process when used as a sensor. 
The main goal of this chapter is to describe what happens with the light 
when guided into cladding removed optical fiber (CRMMF)-based structures when 
they are deposited with thin-films of materials that meet the permittivity 
conditions for the generation of LMRs. To this purpose, several configurations will 
be analyzed. Then, a review on the sensing devices fabricated during the 
development of such structures will be shown. Additionally, since this kind of 
multimode fibers can guide light in a broad spectral range, a characterization of the 
LMRs behavior will be presented from visible to infrared.  
To sum up, two types of CRMMF structures will be analyzed in this chapter: 
non-tapered CRMMFs and tapered CRMMFs, which are fabricated by pulling 
CRMMFs. For the sake of simplicity, CRMMF will be the acronym utilized 
henceforward for referring to non-tapered cladding removed multimode optical 
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fibers, whereas T-CRMMF will be the acronym when talking about tapered cladding 
removed multimode optical fibers. 
 
3.1.1. Theoretical study for non-tapered CRMMFs 
First, some simulations extracted from FIMMWAVE® software are provided 
(see Appendix 1 for more information about the software). Fig. 3.2a shows a 
schematic of a CRMMF structure deposited with a thin-film to obtain the 
corresponding LMR. The waveguide is a cylindrical silica core of refractive index that 
of the silica (n = 1.45) and a diameter of 200 m. The thin-film is a virtual material 
with refractive index 1.548 + 0.0105i and a thickness of 330 nm. These are the 
values estimated for a polymeric thin-film that will be presented afterwards in the 
experimental section, which are based on [2]. The sensitive or uncladded length is 
Lu = 40 mm, similarly to [2,3]. Light is launched into one end of the optical fiber with 
a white broadband source, which is modeled with a Gaussian source. After that, 
light passes through the sensitive region where the thin-film is deposited. Finally, it 
is received at the other end of the optical fiber. According to chapter 2, as the thin-
film increases, some of the core modes will couple light to the thin-film (green 
arrows), leading to power losses in a restricted wavelength range and generating 
the corresponding LMRs. Moreover, in [4,5] it is indicated that the LMR will also 
red-shift until desired. In this case, the fact of simulating a thin-film thickness of 330 
nm makes the LMR to be centered at around r = 1425 nm [3], so the analysis is 
based on this assumption. 
Figs. 3.2b and c show the electric field distribution in the longitudinal 
section of the optical fiber at 750 nm and 1425 nm respectively. The brighter colors 
indicate that the maximum electric field intensity is located in that position, 
whereas the cooler colors indicate the presence of a low intensity. In both cases, a 
spreading in the optical field is visualized just after coupling the light in the 
waveguide. This is due to the light mode arrangements that occur in the waveguide 
after entering it. Once the thin-film is deposited, the interaction of the different 
modes guided in the core with the thin-film – silica interface causes different 
transmission of light as a function of wavelength. Thus, for 750 nm, out of the LMR 
wavelength range, a better propagation of light can be observed in the output. 
However, for 1425 nm, since the LMR is centered there, it induces its maximum 
attenuation, so just a little amount of light can be received in the detection side. 
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Fig. 3.2. (a) Schematic of light propagation in a thin-film-deposited CRMMF, based on ray theory. 
Longitudinal electric field distribution along the sensitive area at (b) 750 nm and (c) 1425 nm, 
respectively, simulated by using mode theory in FIMMWAVE®. 
 
Now, focusing on the cross-sections in each stage of the propagation, an 
interesting analysis can be done. In Fig. 3.3, the electric field in the transversal 
section is plotted at different stages of the optical path, for the same wavelengths 
previously analyzed. In the beginning (a), a visible main beam can be observed, 
indicating that the light is totally guided inside the silica core. The side lobes 
correspond to the slight coupling of light to higher order modes propagating in the 
optical fiber when introducing the light in the beginning. In the center of the 
deposited area, the effect of the existing LMR can be visualized (b). The main lobe 
is partially attenuated for 750 nm, at the same time there is a coupling of light to 
the external part of the resulting waveguide, this means, to the thin-film. However, 
in the case of 1425 nm, most of the light is attenuated in the main lobe and only a 
little contribution of the electric field (just 0.015 V/m) is propagated in the outer 
part of the waveguide. Here is where it can be observed that the light is being 
coupled to the thin-film.  
Once the coated area is left behind, modes rearrange and fulfill the 
corresponding conditions to be propagated in the silica core. The main lobe is 
maintained for both wavelengths (c), although there are some differences. In the 
case of 750 nm, a remaining field contribution of 0.05 V/m in the main lobe and 
around 0.02 V/m in the side lobes still exist. This means that a considerable part 
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of the field is being propagated in the core at this wavelength. Moreover, the 
presence of side lobes indicates that there is also a considerable contribution of 
higher order modes due to the effect of passing through the thin-film deposited 
area. In the 1425 nm case, no relevant side lobes are highlighted, meaning that the 
light has been absorbed in the thin-film, and only a slight main lobe of 0.015 V/m 
is detectable. This indicates that at 1425 nm the LMR induces its maximum 
attenuation and only a bit of light can be collected at this wavelength. 
 
Fig. 3.3. Numerical data obtained on the cross-section of the studied CRMMF (a) before entering the 
thin-film, (b) in the center of the deposited area, which means at L = Lu/2 = 20 mm and (c) before 
entering the detector, respectively. Simulations are obtained for 750 and 1425 nm in FIMMWAVE®. 
 
3.1.2. Theoretical study for tapered CRMMFs (T-CRMMFs) 
Once the CRMMF has been studied, the next step is to try improving its 
properties. One of the best ways to access the evanescent field of the optical fibers 
is by tapering them [6], obtaining a T-CRMMF. A cladding removed optical fiber has 
been analyzed in section 3.1.1, accessing directly to the evanescent field by simply 
removing the polymer cladding. Now the fiber is tapered, so something different 
should happen due to the fact of decreasing its diameter. 
It is not the main focus of this chapter to develop a theory on how the light 
propagates in a tapered fiber, because this is something to be fully developed in 
chapter 4. Nevertheless, it is worth keeping in mind that a tapered fiber is an optical 
fiber that has been pulled from both sides, at the same time the central area is 
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heated. This makes the fiber fuse and reduce its diameter. At the end of the 
process, there will be a central part with decreased diameter, known as “waist”, 
which separates two decreasing diameter-regions called “transitions”. The main 
advantage of fabricating tapers is that they have proved to increase the sensitive 
zone of the structure. Moreover, if this fiber is tapered, the diameter of the optical 
structure is reduced and, therefore, light goes out of the core, giving an increased 
evanescent field that has implications in the properties of LMRs obtained.  
Thus, a T-CRMMF with 20 mm of waist length (Lw), 10 mm of transition 
length (Lt) and half the diameter of the CRMMF in section 3.1.1 is now simulated. 
These dimensions are chosen in view that with 10 mm of transition length, no 
oscillations showed up in the simulated spectrum. As it can be observed in Fig. 3.4a, 
the thin-film is also deposited on the optical fiber but now there is a transition 
region, where a decreasing slope reduces the diameter of the silica core to 100 m. 
Consequently, less modes can be propagated into the silica waveguide. Indeed, 
some of these emerging modes will couple to the thin-film and generate an LMR. 
This should enhance the response in terms of reducing the number of modes 
involved when generating the LMR and, therefore, reducing the LMR spectral 
width. 
In Fig. 3.4b and c, a schematic to describe the longitudinal electric field 
intensity distribution in the simulated T-CRMMF is presented. As it can be observed, 
there is also a spreading just after entering the optical waveguide, due to the mode 
rearrangements into the silica. The fact of tapering makes the electric field 
distribution be more chaotic in comparison to Fig. 3.2. There is a superposition of 
modes not only due to the thin-film deposition, but also to the fact of reducing the 
waveguide diameter. It is remarkable the high difference between the field 
intensities at 750 nm and that of the 1425 nm, but it is also interesting to notice 
that even for 750 nm, the field intensity between both CRMMF and T-CRMMF is 
different. This means that the power available to be detected after the T-CRMMF 
structure is reduced with respect to the CRMMF. 
From a cross-section point of view, it is also interesting to analyze what 
happens in this deposited waveguide. Fig. 3.5 shows the electric field behavior in 
each one of the stages. At first sight, a drastic decrease in the electric field 
magnitude is noticeable from the input to the output in comparison to CRMMF case 
(see Fig. 3.3). Over 60% at 750 nm (from 0.1 to 0.04 V/m) and almost 100% at 
1425 nm. As it also happens in the CRMMF, the effect of the LMR at 750 nm is that 
a main beam surrounded by a coupling of light to peripheral modes is obtained at 
the end of the structure (see Fig. 3.5c). At the same time, for 1425 nm a hardly 
visible main lobe can be observed. Most of the light has been lost along the coated 
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waveguide (see Fig. 3.5b). Losses are so high that it is difficult to observe light 
propagation in the output side of the structure. This corroborates the longitudinal 
behavior simulated in Fig. 3.4.  
 
Fig. 3.4. (a) Schematic of light propagation in a thin-film-deposited T-CRMMF. Longitudinal electric 
field intensity distribution along the sensitive area at (b) 750 nm and (c) 1425 nm, respectively, 
simulated by using mode theory in FIMMWAVE®. 
 
Fig. 3.5. Numerical data obtained on the cross-section of the studied T-CRMMF (a) before entering 
the thin-film, (b) in the center of the deposited waist area and (c) before entering the detector, 
respectively. All the simulations have been obtained for 750 and 1425 nm in FIMMWAVE®. 
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3.1.3. Experimental results 
In this subsection, an experimental corroboration for both CRMMF and T-
CRMMF simulations is presented. To this purpose, two CRMMF structures were 
fabricated from a 200/250 μm (core/cladding diameter) cladding removable 
multimode optical fiber from Thorlabs Inc. (FT200EMT). They were stripped, 
uncladded until necessary and then cleaned with ethanol, in order to remove the 
undesired cladding. They were uncladded for 40 mm (similarly to that presented in 
Fig. 3.4a) and 20 mm respectively and named as C1 and C2, as it is summarized in 
Table 3.1. 
Regarding the T-CRMMFs (named as TCRMMF), a similar device to that 
presented in Fig. 3.5a was also fabricated, using a Nadetech Innovations S.L. 
tapering system (see Fig. 3.6). This equipment is capable of fabricating tapered 
structures by heating the optical fiber and pulling it from both sides until the 
desired structure is obtained. The software used to fabricate the tapers was based 
on the equations and theory suggested in [6]. The tapering system, consisted of a 
butane flux (1), two step-by-step motorized guides to pull the fibers (2), a third 
guide to move the heating flame side-by-side (3) and the corresponding digital 
electronics and power supply to control the tapering process ((4) and (5)). The 
software is based on a previous design of the desired taper and the corresponding 
controls to start, pause or stop the process. 
To complete the optical set-up, a halogen light spectrum (AQ4303B, Anritsu 
Inc.) covering a wavelength range from 400 to 1800 nm, was launched into one end 
of the optical structures. The other end was connected through a bifurcated optical 
fiber (VIS-NIR with low OH content from Ocean Optics) to two spectrometers (a HR-
4000 and a NIR-512), which permitted to monitor a total wavelength range from 
400 to 1700 nm.  
 
Optical 
structure 
Initial diameter 
(m) 
Final diameter 
(m) 
Deposited length 
(mm) 
CRMMF (C1) 200 200 Lu = 40 
CRMMF (C2) 200 200 Lu = 20 
TCRMMF 200 100 
Lt = 10 
Lw = 20 
 
Table 3.1. Summary of the CRMMFs and TCRMMF dimensions. 
59   Abián Bentor Socorro Leránoz 
 
 
 
Fig. 3.6. Nadetech Innovations S.L. tapering system prototype. The inset shows the butane flame and 
a fiber being pulled during a tapering process. 
 
In order to deposit the thin-film and induce the corresponding LMRs, an 
LbL-assembly process using aqueous solutions of poly (allylamine hydrochloride) 
(PAH) and poly (acrylic acid) (PAA) was performed, as depicted in Fig. 3.7. 
[PAH/PAA] matrix was deposited at pH 4.5. The progressive deposition of bilayers 
using the LbL-assembly technique permitted to monitor the spectral response of 
the devices for small thickness increments. All polyelectrolytes were used in 10 mM 
concentration, as indicated in [3]. 
The optical spectrum evolution as a function of the thin-film thickness is 
plotted in Fig. 3.8 for optical structures C1 and TCRMMF. Several attenuation bands, 
corresponding to the first, the second and the third LMRs can be observed as a 
function of thickness and wavelength [4]. The first aspect to take into account is the 
fact that the LMR attenuation is higher in the TCRMMF case (down to -20 dB) than in 
C1 case (down to -10 dB). The effect of tapering the optical fiber induces a higher 
light coupling from the modes propagating in the core to the thin-film. This is 
registered as a high optical power loss, what corroborates the results in the 
simulations obtained for the TCRMMF. 
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Fig. 3.7. Set-up designed for the deposition and monitoring of the LMRs with multimode fibers. 
 
However, if the optical spectrum is plotted for a specific thin-film thickness 
of 200 nm (Fig. 3.9) it can be observed that the LMR spectral width is similar for 
both C1 and TCRMMF devices. Here, some more numerical data were taken. 
Concretely, for the multimode structures simulations (see Appendix 1 for more 
details), the finite difference mode solver was used and the waveguide was excited 
with a Gaussian source of full width at half maximum (FWHW) 20 μm. The optical 
power transmitted by the first 12 core modes was analyzed, because results started 
to converge for this number of modes. The integration order for the taper section 
was set to 1 because the optical structure was designed to avoid spectral 
oscillations. After fixing these parameters, several graphs were obtained for a 
[PAH/PAA] thickness of 200 nm, in order to compare and corroborate the 
hypotheses on the spectra behavior. These numerical data are depicted in Fig. 3.9a.  
In Fig. 3.9b it can be observed that the LbL-assembly deposition 
corroborates the LMR spectral widths are quite similar for both devices. Additional 
experiments for TCRMMF devices with lower diameter corroborated that the only 
remarkable change is an optical power decrease as a function of the decreasing 
diameter. Moreover, the optical losses are increased and consequently, the quality 
of the spectra is not good because the detection limit of the spectrometer is 
exceeded in some cases. In view of the presented results, it can be concluded that 
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there is no significant reduction in the spectral width of the LMRs by tapering a 
CRMMF. 
 
Fig. 3.8. Comparison between the LMRs obtained with C1 (a) and TCRMMF (b) optical structures as a 
function of the [PAH/PAA] increasing thin-film thickness. 
 
 
Fig. 3.9. Transmission spectra for a thin-film thickness 200 nm both for C1 and TCRMMF devices: (a) 
simulation, (b) experimental data. 
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3.2. Biosensors based on CRMMFs 
In this section, the design and characterization of three biosensors, based on 
the generation of LMRs on tapered and non-tapered CRMMFs is detailed. The main 
goal is to extract some conclusions on the use of this technology as a potential 
platform to develop biosensors. 
Prior to this, a brief review on the potential to detect changes in the 
surrounding medium refractive index (SMRI) is done, in order to have an idea of 
their behavior as refractometers. In this sense, since the publication of the first LMR 
contributions, most of the developed sensors have tried to detect changes in the 
SMRI. A first approach using CRMMFs was done in 2010, depositing a titanium oxide 
/ 4-polystyrene sulfonate [TiO2/PSS] thin-film by LbL-assembly. In this case, 
sensitivities up to 2872 nm/RIU were achieved [7]. Recently, by depositing tin oxide 
(SnO2) thin-films onto CRMMFs, the sensitivity has been doubled, reaching 5390 
nm/RIU [8]. This means that, by using metallic oxide, polymer/metallic oxide and, 
as it will be shown, polymer thin-films, it is possible to have enough sensitivity to 
detect small variations in the SMRI due to biological reactions. A biosensor based 
on a well-known ITO layer is shown along this chapter. Before that, a couple of 
contributions based on polymeric thin-films deposited by LbL-assembly are shown. 
 
3.2.1. Immunosensor based on LMRs generated with a polymeric thin-film 
deposited on a CRMMF 
To design this first sensor, an LbL-assembly based on a polymeric poly 
(allylamine chloride)/4-polystyrene sulfonate [PAH/PSS] matrix was performed [9]. 
Regarding the biological compounds, IgGs and anti- IgGs were extracted from goat 
serum. A PBS buffer solution at pH 7.4 was also used to dissolve the biological 
agents in order to maintain them in adequate environmental conditions. 
Regarding the optical material, a 200/225 μm core/cladding diameter 
multimode cladding removable optical fiber was utilized. A white light source 
between 400 and 1700 nm launched the optical power into the fiber and an USB 
2000-FLG spectrometer detected the optical output response. 
 
EXPERIMENTAL SET-UP 
In order to prepare a set-up to get information from the whole process, a 
reflective configuration was chosen, as described in Fig. 3.10. To monitor the 
behavior of the resonance, the reflection spectra of the CRMMF were captured at 
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all wavelengths between 400 and 1000 nm. This could be done by depositing a 
silver mirror on the sensor head using a sputtering process, as defined in chapter 2. 
In this way, the light emitted by the white light source and propagated along the 
fiber was totally reflected on the metallic mirror and returned to the spectrometer 
by an optical 2x1 coupler (splitter). 
 
THIN-FILM DEPOSITION AND LMR GENERATION 
 The LbL-assembly was performed at room temperature and relative 
humidity conditions (T = 23°C and R.H. = 35%). In the first part of the deposition 
process, PAH was adjusted to pH 4.5 and PSS was adjusted to pH 7.4. According to 
[10] this combination between weak polyelectrolytes permits to form layers that 
generate an LMR. 
 
Fig. 3.10. Set-up to take data from the thin-film, the construction of the sensor and the detection of 
the immunoreaction. The white light source ranges from 400 to 1700 nm, whereas the spectrometer 
analyzes from 400 to 1000 nm. Inset: An actual image of the sensor head is provided [9]. 
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Then, the second part of the nanocoating construction consisted of an LbL-
assembly of 5 cycles. Here, the objective was to create an adequate medium so that 
the reaction between IgGs and anti-IgGs could occur at the optimal pH. To this 
purpose, both PAH and PSS pHs were adjusted to 7.4. 
The method to get the evolution of the LMR is described in the following 
lines. During the construction, the reflected spectrum is captured at the end of 
every bilayer and referenced to the spectrum obtained when the sensor is 
immersed for the first time in the PAH solution. This result is called “LMR 
transmission spectrum”. Therefore, the sequence formed by all the LMR 
transmission spectra obtained in the CRMMF along the deposition process is what 
it is called “evolution of the LMR”. That is what is depicted in Fig. 3.11a and b, as a 
function of both the wavelength and the increasing number of bilayers. A typical 
behavior of an LMR can be observed here. No great transmission losses are 
registered until the LMR starts to be observable in the monitored spectral range at 
bilayer 25. As the thin-film thickness increases, the resonance presents a red shift 
in wavelength, while its spectral width spreads [5]. The maximum depth of the 
obtained resonance band reaches -10 dB.  
At this point, if the nanocoating parameters vary, the characteristics of the 
LMR will change, since the new effective refractive index provided by the new thin-
film affects to the modes that are being coupled into it. This is what happens in the 
second part of the deposition, when adsorbing the [PAH (pH 7.4) / PSS (pH 7.4)]5 
nanostructure onto the previous thin-film. The resonance changes its appearance, 
as it can be observed in Fig. 3.11b. Between bilayers 100 and 105 an increase of the 
optical power is registered along the whole spectrum, at the same time that it shifts 
slightly to higher wavelengths. Therefore, the LMR keeps on shifting to higher 
wavelengths, but following the new effective refractive index conditions. Finally, 
the resonance stops at bilayer 105 with its minimum located at around 720 nm.  
 
IMMOBILIZATION OF THE ANTIBODIES (ANTI-IGGS) 
 At this point, the LMR generated by the polymeric thin-film was positioned 
in the center of the detection range and the outermost nanocoating was adsorbed 
in order to create an adequate environment so that the anti-IgGs were correctly 
attached. These steps are schematically represented in the upper right corner of 
Fig. 3.12a. 
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Fig. 3.11. (a) Evolution of the LMR by means of the increasing polymeric thin-film. (b) Tracking of the 
LMR profile during the construction process. The construction finishes at bilayer 105 (black thicker 
spectrum) after a change of pH in the PAH solution [9]. 
 
Once here, the immobilization of the biological detectors is addressed. To 
this purpose, a 5 g/ml solution of anti-IgGs in PBS buffer at pH 7.4 was prepared 
at the same environmental conditions as in the previous experiments. Then, the 
substrate was immersed in the solution during 4 hours and the evolution of the 
LMR was monitored. 
The tracking of the minimum of the LMR during the anti-IgGs deposition is 
plotted as a function of time in Fig. 3.12a. Since the resonance spectral width is 
approximately 600 nm (see Fig. 3.11), an algorithm based on the method of least 
squares was applied to locate accurately where the resonance wavelength was. It 
is remarkable that the resonance experiments an UV shift from 703 to 680 nm. 
Apart from that, a slight decay of around 1.2 dB is experimented by the spectrum 
during the process. The explanation to this behavior is that, due to the deposition 
of the anti-IgGs, the effective refractive indices inside and outside the nanocoating 
are modified. Consequently, the conditions for the LMR are different. 
 
DETECTION RESULTS 
Here, the detection of the IgGs is studied. To this purpose, a 50 µg/ml IgG 
solution in PBS buffer at pH 7.4 was prepared to be detected. The behavior of the 
optical fiber nanobiosensor designed in the previous lines was monitored with the 
same experimental set-up and at the same environmental conditions used for both 
the generation of the LMR and the immobilization of the anti-IgGs. Moreover, every 
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spectrum was captured by the spectrometer and processed, also by the method of 
least squares, to obtain the detection results presented in Fig. 3.12b. Here, the 
central wavelength of the LMR is plotted as a function of time once the sensor is 
introduced in the IgGs solution. 
There are some aspects to be taken into account. The first question is that, 
unlike the immobilization process, there is a wavelength shift of the LMR to the red, 
ranging from 659 to 669 nm. At the same time, the optical power, which had 
decreased to almost -12.5 dB when immersing the biosensor into the IgGs solution, 
gets recovered until it reaches around -10 dB. In this case, as the solvent used to 
dissolve the IgGs is the same than that used in the immobilization of the anti-IgGs, 
the changes experimented by the LMR when immersing the sensor into the IgGs 
solution are due to the bindings between this biomolecules and the anti-IgGs film. 
Concretely, this phenomenon is produced due to the changes in the refractive 
indices between the thin-film and the anti-IgGs film when binding to the IgGs, which 
modify the LMR characteristics.  
Finally, the response time of the sensor is obtained by measuring the time 
it takes to rise from the 10% to the 90% of the stabilization wavelength when 
detecting the IgGs. It can be observed in Fig. 3.12b that it takes around 12 minutes, 
which is comparable to other fiber-optic-based biosensors applied in clinical 
measurements [11]. Based on the results obtained, it can be affirmed that it is 
possible to detect an IgG – anti-IgG complex with a lossy mode resonance based 
optical fiber sensor. Moreover, the detection could be carried out by interrogating 
the LMR wavelength shift, which is something appropriate in terms of robustness. 
This means that this technology can be also taken into account in order to be 
developed for a further clinical application. 
Fig. 3.12. (a) Tracking of the anti-IgGs immobilization during the process. In the upper right corner, 
the different parts of the sensor are shown. (b) IgG detection curves. The LMR experiments a shift to 
higher wavelengths while the IgGs are binding to the anti-IgGs [9]. 
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3.2.2. Immunosensor based on LMRs generated with a polymeric thin-film 
deposited on a T-CRMMF 
The previous sensor presented a main problem, which was that it took a 
hundred [PAH/PSS] layers to achieve a more or less well centered LMR in the middle 
of the spectral range. A novel approach to detect type G immunoglobulins (IgGs) 
was developed, based on two main principles. The first one, the fact that the poly 
(allylamine chloride) / poly (acrylic acid) [PAH/PAA] polymeric matrix generates a 
rapid LMR in quite a few layers if deposited at pH 4.5 [3]. The second one, the fact 
of tapering the optical fiber, which would permit a higher access to the evanescent 
field of the light propagating through the waveguide and to increase the detection 
surface.  
To this purpose, and using the same kind of multimode fiber than in the 
previous sensor, a 30 mm uncladded segment was tapered using the tapering 
system by Nadetech Innovations S.L. until a waist diameter of 100 m and a waist 
length of 10 mm were reached. This tapered uncladded multimode fiber (T-UMF, 
the same as T-CRMMF) was subjected to a sputtering process to deposit a silver 
mirror on its tip, so that a simple reflective set-up could be prepared, similar to Fig. 
3.10.  
Thus, the first step was to perform an LbL-assembly of 20 bilayers of 
[PAH/PAA] to locate the corresponding LMR in the desired wavelength. As it can be 
observed in Fig. 3.13a and b, the [PAH/PAA]20 matrix located the LMR at 600 nm. 
Then, a [PAH/PSS]5 polymeric matrix was deposited by LbL-assembly over the 
previous one, in order to create an adequate environment for the deposition of the 
anti-IgGs, according to [12]. The end of the construction finished when the LMR 
reached the center of the monitoring window, this means 700 nm (bilayer 25). The 
goal for doing this was to center the LMR in a position where the further 
displacements could be better monitored wherever the resonance shifted. 
Then, both anti-IgGs and IgGs extracted from goat serum, were deposited 
and detected. In this sense, the next step was to register the LMR displacement 
when adsorbing the anti-IgGs layer and the further shifts when detecting the 
different IgG concentrations. Thus, Fig. 3.14 is depicted, where the mentioned 
biological processes are presented, as a wavelength shift while time passes. First, 
the substrate deposited by the previous paragraph was subjected to a 6 g/ml 
solution of anti-goat IgG in PBS during 4 hours, so that the anti-IgGs were deposited 
onto the substrate at room temperature. As it is presented in Fig. 3.14, the LMR 
shifted around 14 nm to the right, from 735 to 749nm. Then, 3 different IgG 
concentrations were detected by immersing the resulting biosensor in 1.4, 4.2 and 
12.5 g/ml PBS-IgGs solutions, obtaining shifts to 747, 752 and 757 nm respectively. 
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The reason for this behavior is a change of the effective refractive index due to the 
adsorption of the biological compounds, which makes the LMR experiment a 
wavelength shift from one position to other. 
 
Fig. 3.13. (a) LMR evolution as the thin-film thickness increases. (b) LMR at different bilayers [13]. 
 
 
Fig. 3.14. Tracking the minimum of the LMR during the anti-IgGs deposition and the IgGs detection. 
The vertical dashed lines indicate when the sensor is immersed into the next IgGs solution [13]. 
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3.2.3. Immunosensor based on LMRs generated with ITO thin-films and covalently 
attaching bioreceptors. 
Among the materials that can induce LMRs by deposition onto optical 
fibers, one of the most utilized is indium tin oxide (ITO) [14,15] as mentioned at the 
beginning of this section. Particularly, ITO presents a higher refractive index than 
silica, what increases the sensitivity of the devices [4,5]. Moreover, when 
deposited, it usually provides a higher plane surface than by using polymer 
coatings, leading to a more effective way to adsorb bioreceptors on top of its 
surface [16]. In this sense, an ITO layer will be deposited on an optical fiber to 
generate the corresponding LMR. Then, a silane layer will be deposited on the ITO, 
in order to facilitate the IgGs adsorption. Finally, the detection of the anti-IgGs will 
be carried out, proving the presence of biological components in the biosensor. 
 
LMR GENERATION AND OPTICAL MATERIALS 
The first step to achieve the biosensor was to generate the sensing 
phenomenon, the LMR. To this purpose, several optical fiber segments from a 
200/250 μm (core/cladding diameter) cladding removable multimode optical fiber 
(CRMMF) were obtained. They were stripped, uncladded and then immersed in 
detergent, deionized water (18.1 M/cm), piranha solution (30% H2O2 + 70% 
H2SO4), again deionized water and acetone dry during 10 minute-time periods. The 
aim of these steps was to remove the undesired covers, clean the surface and 
prepare them for the ITO deposition [17]. 
A sputtering deposition using an ITO target was then performed over the 
fibers. To this purpose, a sputtering equipment was used with an Argon partial 
pressure of 9×10−2 mbar and a current intensity of 150 mA. Fibers were fixed to a 
rotating engine at 5 rps rotational speed and then located under the ITO target as 
indicated in the upper inset of Fig. 3.15. In order to make a study on the spectrum 
evolution as a function of the deposition process, sputtering times of 15, 30, 60, 
120 and 180 seconds were programmed. 
Once the substrates were fabricated, the set-up depicted in Fig. 3.15 was 
prepared. Basically, 30 mm-length segments of the ITO-coated fibers were cleaved 
at 90° and then spliced to two CRMMF pigtails. A broadband light source covering 
a wavelength range from 400 to 1800 nm, launched light into one end of the new 
created waveguide. The other end was connected through a bifurcated optical fiber 
(VIS-NIR with low OH content) to two spectrometers, which permitted to monitor 
a wavelength range from 400 to 1700 nm.  
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Regarding the optical data processing, as the different coatings were 
deposited, the corresponding transmission spectrum was captured and referenced 
to the spectrum obtained when the sensor was immersed for the first time in water 
solution. Additionally, in order to track the LMR shift in wavelength during the 
whole process, a real-time MATLAB® algorithm based on least squares was 
programmed. 
 
SUBSTRATE BIOFUNCTIONALIZATION AND CHEMICAL MATERIALS 
All the measurements were performed at constant temperature between 
21 - 23°C and a relative humidity of 30%. To carry out this part of the fabrication, a 
common technique based on diluted 3-glycidopropyl-trimethoxysilane (GPTMS) 
was used [16,18]. The fabrication procedure is depicted in Fig. 3.16. Essentially, 
fibers were first immersed in 0.1 M potassium hydroxide (KOH) for 5 minutes and 
then rinsed in deionized water, in order to activate the ITO surface by 
hydroxylation. 
 
Fig. 3.15. Optical set-up for monitoring the LMR evolution during the whole fabrication and detection 
process. The inset above is the sputtering process carried out to deposit the ITO onto de fibers. The 
inset below is the splicing of the ITO-coated fiber with both CRMMF pigtails, so that the transmission 
configuration is achieved. 
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Then, the activated fibers were immersed in a solution containing 1% 
GPTMS in toluene. Here, 1 and 90 minutes of silanization were applied to the ITO-
sputtered fibers, to be optically characterized afterwards. The objective was to 
check the influence of the silanization time when depositing biological compounds. 
After the silanization, fibers were gently rinsed in toluene, ethanol and finally, in 
ultrapure water, to remove the unattached silane molecules [16]. 
The goat IgGs adsorption was carried out afterwards. There are several 
methods describing how to bind IgGs to optical substrates [19]. A simple approach, 
like that used in [16] is presented here, since it is a simple technique where it is only 
necessary to immerse the silanized fibers in a PBS solution of IgGs. Moreover, due 
to the epoxy terminal ending the GPTMS carbohydrate chain, it is possible to attach 
IgGs more efficiently than by using other methods [20]. Particularly, the IgGs are 
mostly attached by their Fc chain and not by their Fab part, what is interesting in 
terms of obtaining a more sensitive surface, as described in chapter 1.  
In this case, as it can be observed in Fig. 3.16, GPTMS owns an epoxy 
terminal on top of the carbohydrate chain, which can be used to directly bind the 
goat IgGs by immersing the substrates in a 10 mM phosphate buffer saline solution 
(PBS) at pH 7.4 [16]. To this purpose, 200 l from the stock IgGs solution in 12 mg/ml 
concentration were transferred to a 10 ml cuvette and fibers were then immersed 
for a maximum of 3 hours. At this point, the LMR evolution was continuously 
monitored, both for 1 minute and 90 minute-silane-deposited fibers, in order to see 
which of them was worth using to design the bioprobe. Once the IgGs were 
deposited, the bioprobes were rinsed in PBS solution for three times, to remove 
the excess of biomolecules that might not have bound. 
Finally, the fabricated sensors were first immersed in 100 ml of 1 mM PBS 
adjusted at pH 7.4 during 90 minutes, to make the sensor get used to the 
environmental conditions. Then, a 2.2 mg/ml stock solution of anti-goat IgGs (anti-
IgGs) was added step by step every periodically into the detection solution, 
increasing the anti-IgGs concentration. At the same time, a syringe pumped the 
whole detection solution to imitate a flowing environment. The LMR minimum was 
tracked during the whole process.  
Although the work presented in this subsection is a label-free detection, 
the same process was also performed to several non-monitored fibers, in order to 
corroborate the anti-IgGs were adequately attached to the thin-film. To this 
purpose, a solution containing horseradish peroxidase (HRP)-conjugated goat anti-
IgGs was used to bind the adsorbed IgGs. This solution also contains phosphate 
buffer saline (PBS pH 7.4) and 1% of bovine serum albumin (BSA). The presence of 
BSA is critical, as it prevents the adsorption of IgGs from binding with their non-
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specific sites [21]. In addition to this, 3,3′,5,5′-Tetramethylbenzidine (TMB) liquid 
substrate system was also used to corroborate the formation of IgG – anti-IgG 
complexes, as described in [22].  
 
LMR AND ITO THIN-FILM CHARACTERIZATION 
According to [14], several LMRs can be obtained with ITO-coated-based 
optical fibre sensors. Each of the LMRs is related to the guidance of a mode in the 
ITO thin-film. Consequently, as the thin-film thickness increases, the first mode is 
guided in the overlay (the first LMR is obtained in the optical spectrum), then the 
second mode is guided (a second LMR is visualized in the optical spectrum), and so 
on. The first LMR is the most sensitive among the different resonances showing up 
during the deposition of a thin-film on a substrate, and at the same requires to 
deposit less material than for the generation of the following LMRs [4]. In view of 
these good properties the generation and tracking of this first LMR will be the focus 
of the experiments.  
Fig. 3.16. Schematic of the chemical steps followed to achieve the bioprobe. 
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As an evidence of the above comments, Fig. 3.17 is shown, representing 
the evolution of the generated LMRs when the fibers are immersed in water 
(refractive index = 1.33). Here, the data provided by the spectrometers have been 
fused to show a total wavelength range from 400 to 1700 nm.  
An LMR typical behavior can be observed here. After 15 seconds of ITO 
sputtering deposition, no LMRs appear. The thin-film continues increasing until 30 
seconds, when the first LMR shows up and locates around 1200 nm. Then, after 60 
seconds only the left shape of the first LMR is visible. It takes 2 minutes to have the 
second LMR located at around 520 nm and 3 minutes to see both second and third 
LMRs in the spectral range at 800 and 470 nm respectively. Therefore, a capacity of 
controlling the LMRs location as a function of the material thickness is 
demonstrated here. 
It is also interesting to remark that the first LMR passes through the spectral 
range in a minute, whereas it takes the same time for the second LMR to shift less 
than 250 nm. This corroborates the hypothesis of the higher wavelength shift rate 
of the first LMR. 
 
Fig. 3.17. Fusion of the data provided by spectrometers XR1-FLG and NIR-512 in order to register the 
evolution of the different LMRs as a function of the sputtering deposition time when fibers are 
immersed in water (nH2O = 1.33). 
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In addition, after depositing ITO for 30 seconds on the optical fibers, a SEM 
characterization of this coating was performed, in order to know more about its 
properties. Then, several fibers were analyzed giving similar results to those 
presented in Fig. 3.18. It can be observed that the average thickness of the coating 
is 124 nm. Also, the plane and homogeneous surface as a result of the sputtering 
process can be noticed. 
 
SILANIZATION AND ADSORPTION OF IGGS 
After obtaining the LMR, the next step was to attach some molecules that 
permitted to bind the bioreceptors to the ITO thin-film covalently. The chemical 
silanization of GPTMS in toluene has been previously described in section 2.2 and 
[16]. In that contribution it is indicated that 90 minutes are enough to obtain a good 
bioreceptor attachment. Here, a 1 minute-silanization fiber was also deposited, to 
see if the silanization time influenced in the amount of bioreceptors adsorbed. 
Thus, the 90-minute silanized fibers were tested by tracking the LMR 
minimum after immersing the bioprobe in the PBS solution containing goat IgGs. 
Here, after diluting the initial IgGs solution in PBS, the IgGs concentration in the 
cuvette was 232 g/ml. Taking into account that the average molecular weight for 
a goat IgG is 144 kDal [23], this concentration can be expressed as 1.61 M. Using 
high bioreceptor concentrations is a common technique to fill as much sensitive 
area as possible. In this way, a higher efficiency in the detection process is expected. 
 
Fig. 3.18. Characterization of the deposited 30 seconds ITO layer by SEM imaging. The average 
thickness is 124 nm and a nanostructured thin-film can be visualized. 
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The results are depicted in Fig. 3.19. It is interesting to remark the different 
behavior in the IgGs adsorption rate depending on the silanization time. For 
example, when the silanization time is only 1 minute (f1,1 and f1,2), the antibodies 
adsorption lasts more than 2 hours to stabilize, whereas for a much longer 
silanization time, this means, 90 minutes (f90,1 and f90,2), the curves are stabilized in 
about an hour and a half. In addition to this, the LMR wavelength shift rates are 
higher in the 90 minutes case than in the 1 minute case. This difference in the shift 
rate is an indication of the success in the IgGs adsorption. A 90 minutes silanization 
permits to attach a high amount of IgGs to the optical fiber, which means to obtain 
a sensitive surface full of bioreceptors and, therefore, to improve the sensing 
efficiency. However, a 1 minute silanization process is not able to create a silane 
layer sufficiently consistent to adsorb as many IgGs as possible. Consequently, the 
90 minutes silanization option is chosen to continue with the biodetection. 
Nevertheless, both types of fibers will be used to corroborate the IgGs attachment 
in the next paragraphs. 
 
ANTI-IGGS DETECTION AND VERIFICATION 
As it was indicated in previously, the bioprobe was cleaned and immersed 
in 1 mM PBS solution. Then, an increasing concentration of anti-IgGs was achieved 
by dropping a stock solution of 2.2 mg/ml IgGs (15.28 M) in the PBS solution until 
the sensor stopped to respond adequately to the biological stimulus. During all this 
time, the LMR wavelength shift was monitored as in previous sections. 
The three main parameters mentioned at the beginning of this chapter are 
analysed in in Fig. 3.20, where the evolution of the resonance wavelength can be 
observed as a function of the increasing anti-IgGs concentration. First, the 
biosensor was immersed in PBS for an hour to let it stabilize (see blue pointed 
spectrum). After stabilizing, the LMR was centered at around r = 1430 nm, with a 
maximum attenuation of 35 dB and a spectral width of about 65 nm.  
Then, some spectra are captured during the detection process as a function 
of the increasing anti-IgGs concentration. It can be observed that the LMR red-shifts 
as the amount of anti-IgGs increases. Consequently, the rise in the anti-IgGs 
concentration can be distinguished in a wavelength shift from 1430 nm to almost 
1440 nm. 
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Fig. 3.19. Monitoring of the IgGs adsorption after 1 (f1,1 and f1,2) and 90 (f90,1 and f90,2) minutes of 
silanization. A faster adsorption can be observed after silanizing during 90 minutes. 
 
 
 
Fig. 3.20. Tracking of the LMR at different moments during the anti-IgGs detection. There is a red-
shift in wavelength as more IgGs are being accumulated in the sensitive area. 
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In addition, Fig. 3.21 shows a change in the shift rate depending on the 
amount of anti-IgGs as they are accumulated during the detection. In order to 
corroborate this fact, each single slope is extracted and then referenced to its initial 
wavelength, (the moment after dropping more anti-IgGs solution). This permits to 
see the differences in the slopes, corresponding to the response of the bioprobe to 
the increasing IgGs concentration. It is clear that the slope of the sensor response 
rises as more IgGs are in the solution. Indeed, it can be observed that when the first 
1 l are dropped (0.15 nM concentration), the slope (shift rate) is 0.014 nm/min, it 
is 0.03 nm/min for 0.31 nM, 0.05 nm/min for 0.46 nM, 0.07 nm/min for 1.07 nM, 
0.13 nm/min for 2.06 and 0.17 nm/min for 10.2 nM, the instant when the detection 
ends.  
Analyzing the previous slope values, at lower concentrations the increment 
seems to be proportional to the anti-IgGs concentration. However, for the last two 
detectable increments (2.06 nM and 10.2 nM concentration respectively), the 
response is higher than the rest but it does not vary so much between them. In fact, 
it can be noticed that when detecting the highest concentration, (10.2 nM), the 
linear trend turns quadratic. This last condition can be observed when the sensitive 
surface is totally covered by the analyte (the anti-IgGs, in this case) [24]. This 
tendency is plotted in Fig. 3.22, where the wavelength shift rate is represented as 
a function of anti-IgGs concentration. As it can be observed, the previous 
description fits quite well to a logarithmic behavior. 
Fig. 3.21. Different wavelength shift rates as a function of time for the different anti-IgGs 
concentrations tested. Each different slope is due to an increasing anti-IgGs concentration. 
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Fig. 3.22. Sensitivity of the fabricated biosensor as a function of the anti-IgGs concentration. A linear 
trend (with horizontal axes in logarithmic scale) can be fitted for this LMR-based biosensor. 
 
Finally, some evidence of the anti-IgGs attachment to the bioprobes is 
provided. As it was indicated at the end of subsection 3.2, two 1 minute and 90 
minutes silanized fibers were kept in order to prove the correct IgG attachment and 
further anti-IgG detection. The goal was to corroborate that with less silanization 
time the amount of anti-IgGs attached was lower than by silanizing for 90 minutes. 
To this purpose, a colorimetric reaction between 3,3′,5,5′-Tetramethylbenzidine 
(TMB) and horseradish peroxidase (HRP) enzyme was induced, by adsorbing HRP-
conjugated anti-IgGs over other biofunctionalized probes, once the IgGs were 
attached after the 1 minute and 90 minute silanizations. A color change from 
transparent to blue in the liquid substrate (TMB) indicates a correct attachment [1]. 
Thus, after attaching the IgGs to the bioprobe and rinsing it, the sensor was 
subjected to the same detection process presented previously, but using a PBS 
solution containing HRP-conjugated anti-IgGs this time. Then, once the detection 
was finished, the colorimetric reaction was carried out over a small white Teflon® 
tray. Basically, the bioprobes were rinsed in PBS and subjected to 1 ml TMB, 
carefully dropped over the sensitive area. As it can be observed in Fig. 3.23, with 1 
minute of silanization it is hard to visualize an actual color change both in the liquid 
substrate and in the fiber after an hour of reaction. However, it is clearly visible a 
color change in the 90 minute silanization bioprobe after 20 minutes and not only 
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in the liquid but also in the fiber. This corroborates that the fact of silanizing more 
time is good in terms of attaching as many anti-IgGs as possible. 
 
3.3. Conclusions 
To sum up, the use of cladding removed multimode fiber-based structures 
(CRMMFs) is one of the simplest ways to increase and access the evanescent field 
of an optical fiber, since by only stripping the fiber polymer cladding it is possible 
to achieve this objective. 
When adsorbing a high refractive index thin-film in order to generate lossy 
mode resonances, it is better to use the uncladded fiber itself. In fact, some 
biosensors based on LMRs generated on CRMMFs have been fabricated, even 
reaching nanomolar concentration. The sensitivity of the devices permits to achieve 
this kind of results, distinguishing between small changes in the properties of the 
thin-film or the surrounding medium refractive index as a function of the biological 
reactions. Tapering the fiber provokes higher attenuation and a broadening in the 
spectral width of the LMR, which is bad in terms of improving the LMRs parameters. 
 
Fig. 3.23. Comparison of the TMB – HRP enzyme reaction when adsorbing 100 l of TMB on two 
bioprobes deposited with 1 minute of silanization and 90 minutes of silanization respectively. The 
color change in the 90 minute silanization biosensor is enough to prove that by increasing the 
silanization time it is possible to attach more IgGs and, therefore, to obtain a better biosensor. 
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Although the generated LMRs may be used for detection, they are quite 
broad, which reduces their measurement resolution. This means that their spectral 
width is not low and, consequently, there is a lack of resolution. This parameter is 
critical. If the application needs to detect small concentration variations, as it occurs 
in biology, it is better to use low spectral width and high sensitive phenomena, in 
order to distinguish small changes in the increasing concentration. 
A concept that can help to describe this effect is a figure of merit (FOM) 
that relates the sensitivity in wavelength with the resolution of the obtained 
resonances. Based on [25], this FOM is described as indicated in Eq. 3.1: 
 
𝐹𝑂𝑀 =  
𝑆 [𝑛𝑚/𝑅𝐼𝑈]
∆𝜆|−3𝑑𝐵 [𝑛𝑚]
              (3.1) 
 
where S is the wavelength shift over the refractive index variation. This means the 
sensitivity of the device calculated after subjecting it to refractive index changes. 
Δλ is a magnitude indicating line width. For instance, the commonly used Full Width 
at Half Maximum (FWHM) can fit this equation. 
At the end of each chapter, an analysis of the FOM for each specific 
structure will be done, in order to compare their sensitivity to refractive index 
variations based on [TiO2/PSS] deposited thin-films. The comparison will be done in 
the near infrared range, where all the analyzed resonances of interest coincide.  
Thus, the sensitivity calculated for CRMMFs is 2872 nm/RIU [7]. Taking into 
account that the full width at half maximum is FWHM ≈ 400 nm and evaluating in 
Eq. 3.1 it is obtained: 
 
𝐹𝑂𝑀𝐶𝑅𝑀𝑀𝐹 =  
𝑆[𝑛𝑚/𝑅𝐼𝑈]
𝐹𝑊𝐻𝑀 [𝑛𝑚]
=  
2872
400
= 7.18 ≈ 7.2 𝑅𝐼𝑈−1 
 
In spite of the high sensitivity, this is a quite reduced value for this device, 
since the resonance FWHM is too large. In the following chapters the corresponding 
FOMs will be measured, in order to compare with the obtained here and to extract 
some conclusions on this magnitude. 
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 CHAPTER 4. Sensors based on lossy mode resonances by 
means of thin-films deposited on tapered single-mode 
optical fibers 
 
According to what has been explained in previous chapters, LMRs depend 
on parameters such as the surrounding medium refractive index (SMRI) [1] and the 
thin-film thickness and refractive index [2], similarly to SPRs. However, depending 
on the experimental set-up, sometimes LMRs present a broad attenuation band, 
which leads to a reduction in the resolution of the measurements. In this sense, 
chapter 3 has shown that by utilizing cladding removed multimode optical fibers 
(CRMMFs), the obtained LMRs present spectral widths on the order of cents of 
nanometers and lose too much power. Moreover, it has been proved that these 
results are worse if a tapered CRMMF is used. Even with the sensitivities provided 
by such devices, their capability to detect small concentration variations like those 
required for designing biosensors is quite reduced. 
The fact of such large width can be explained due to two reasons. First, for 
unpolarized light, there is a coupling to both TE and TM lossy guided modes in the 
thin-film, and the maximum coupling to both TE and TM modes is achieved at 
different wavelengths [3]. Thus, for unpolarized light, the resulting spectral 
response is a combination of coupling to these two modes [2]. 
Secondly, if the refractive index of the thin-film is increased, the LMR 
presents a wavelength shift to the red and at the same time its spectral width is 
increased [3]. Since most of the optical equipment is designed to work in the third 
optical communications window, this is a drawback when using LMRs as a sensing 
technology. Therefore, there is a need for narrower LMRs, especially when using 
the devices for detecting small wavelength variations due to small changes in a 
specific biological variable. 
Hence, it seems clear that if the optical fiber is designed to propagate 
several modes, the obtained LMRs do not fulfill the required conditions to become 
good biosensing platforms. That is why it was decided to work with standard 
monomode or single-mode fibers. In addition, since a standard single-mode fiber 
itself does not permit to access its evanescent field directly due to the existence of 
a 125 micron-diameter cladding over a 8 micron-diameter core, it was decided to 
work with tapered single-mode fibers (T-SMFs). To this purpose, a study on the 
LMRs generation in T-SMFs will be first done. Some sensors and biosensors based 
on this structure will be presented afterwards. 
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4.1. Optimization of T-SMF parameters to generate LMRs 
Because standard optical fibers were originally designed for low loss 
communications, the penetration depth (dp – see chapter 2 for more details on this 
magnitude) is really small in comparison to the cladding thickness, so there is a null 
interaction between the surrounding medium and the fiber evanescent field. 
Additionally, in standard optical fibers the cladding cannot be removed, since it is 
also made of fused silica, so there is no way to access the fiber evanescent field 
unless the fiber diameter is gently reduced. Thus, tapering a fiber helps to have this 
evanescent field accessible. 
A tapered single-mode optical fiber (T-SMF) is usually fabricated by pulling 
an SMF fiber from both sides at the same speed while it is heated to its softening 
temperature, reducing the diameter until desired. A design of a taper puller 
prototype by Nadetech Innovations S.L. can be visualized in Fig. 3.6 on chapter 3. 
As a result, every T-SMF consists of three regions: a waist segment with length Lw 
and reduced and uniform diameter Øw, and two conical transition regions with 
gradually varied diameter and length Lt. A typical T-SMF is plotted in Fig. 4.1a, 
where the profile and shape of a reconstructed T-SMF is observed. This image has 
been obtained after applying an edge detection algorithm, in order to check that 
the T-SMF dimensions are correctly achieved. Concretely for this case, the waist 
length is 10 mm and the transition region lengths are 5 mm each, whereas the 
radius of the structure has been reduced from 62.5 to 15 m. Thus the T-SMF waist 
diameter is 30 m [4]. The idea is that, once the necessary T-SMF diameter is 
achieved, its evanescent field is accessible, since some wavelengths will not be able 
to propagate adequately into the core and will start to be propagated in the 
cladding. Consequently, it will be possible to couple light from the waveguide to the 
deposited thin-film and thus generate the LMRs. However, there is a need for keep 
on studying the issues showing up when dealing with T-SMFs, since the main goal 
of this chapter is to optimize the generation of LMRs using these structures. 
First of all, the shape of the T-SMF is a key point to obtain the desired 
results. In accordance with both the literature and the experiments done in the 
laboratory, there are two main groups of tapers: adiabatic and non-adiabatic [4-6]. 
Fig. 4.1b shows two transitions for an adiabatic and a non-adiabatic T-SMF 
respectively [7]. In the first group, due to a softer diameter decrease in the 
transition region, the fundamental mode (HE11) is propagated with losses lower 
than 1 dB, preserving the input spectrum. Consequently, the evanescent field is 
accessible and there are no remarkable changes in the spectrum. On the opposite, 
non-adiabatic tapers present higher losses and oscillations in the transmission 
spectrum, proving that there is an interferometry phenomenon in the optical 
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structure. In fact, despite both structures permit to access their evanescent field, 
they can be used for different purposes. Non-adiabatic tapers are normally used as 
interferometer-based optical filters, whereas adiabatic T-SMFs can be used as 
simple waveguides with an accessible evanescent field [8]. Moreover, the fact of 
choosing minimum length tapers is quite good in terms of reducing the sensor size 
at the same time the propagation losses are reduced. In view of this, and taking 
into account the possible attenuation values induced by the LMRs when induced, 
quasi-adiabatic tapers of minimum length are chosen in this chapter to be studied 
and used as biosensing platforms.  
As mentioned, the fact of dealing with single-mode fibers permits to reduce 
the number of modes propagated in the optical structure. However, it is necessary 
to introduce a crucial parameter: the V parameter. This magnitude can be only used 
to describe the propagation of light modes in standard optical fibers as long as the 
light propagation is carried out under weak guidance conditions. This means that 
the working wavelength is much lower than the core diameter and that both core 
and cladding refractive indices are quite similar. Under this situation, the V 
parameter sets the conditions to propagate several modes inside the fiber, 
according to the well-known equation (4.1): 
 
 𝑉 =  
2𝜋𝑟
𝜆
 √n𝑐𝑜
2 − n𝑐𝑙
2               (4.1) 
 
Fig. 4.1. (a) T-SMF shape and profile, obtained by applying an edge detection algorithm to define the 
contour of the structure [4]. (b) Examples of adiabatic and non-adiabatic transitions in a T-SMF [7]. 
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where r is the SMF radius,  is the free space studied wavelength and the squared 
root term is called numerical aperture (NA), which gives an idea of how much light 
can be coupled in the optical cable just after introducing it (see Fig. 4.2a for more 
details).  
Taking the previous equation, and doing the necessary calculations, the 
well-known V-b curve represented in Fig. 4.2b can be drawn. This graph indicates 
how many modes are propagated in a standard optical fiber as a function on the V 
value [9]. More specifically, if the fiber to be used is monomode, just by substituting 
the values of r (4 m), λ and the corresponding refractive indices for a standard 
SMF fiber, it can be obtained that the necessary V value to propagate only one 
mode is V = 2.405. From another point of view, this means that any other modes 
that may be propagated are under cut-off conditions, so no more modes are 
allowed to propagate within the optical fiber. 
However, after tapering a single-mode fiber, the previous values are not 
exactly the same, because if the tapering process is done properly, there is a 
proportional reduction of both core and cladding diameters, which leads to new 
guidance conditions. Due to this proportionality, the necessary V values to guide 
only one mode keeps on ranging in 1 ≤ V < 2.405, but due to the changes in the 
diameters, the cut-off conditions are limited to new wavelengths. 
Considering the previous assumptions, q is defined as the quotient 
between cladding and core diameters. According to [10], the limit to propagate an 
only mode in a SMF fiber is given by equation (4.2): 
 
 𝑉𝑐𝑐 =  √
2
ln(𝑞)
=  √
2
ln(
125
8
)
 ) = 0.853            (4.2) 
 
which is close to 1, the minimum value considered as the limit to completely 
propagate the fundamental mode in the SMF. Thus, the actual range for 
propagating only one mode in the SMF fiber would be Vcc = 0.853 < V < 2.405. 
Assuming that, when tapering the fiber, the obtained structure is 
symmetric, both the cladding and the core will be reduced in the same factor. 
Therefore, as long as V remains in the previous interval, only one mode will be 
propagated in the core of the fiber. However, the V value varies as a function of the 
position in the taper. Assuming a linear transition region, Fig. 4.3 shows this 
variation in a T-SMF core.  
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Figure 4.2. (a) Concept of numerical aperture, necessary to propagate modes properly in a standard 
optical fiber. (b) V-b curve for standard optical fibers [9]. Hybrid and LP modes are represented. For 
single-mode fibers, the V value is 2.405. 
 
A simple analysis can be done by just taking a look at the core diameter. It 
is clear that, before the tapered region, the core diameter is the usual for a SMF 
fiber (8 microns), so V remains at 2.405. If the cladding diameter is reduced down 
to 50 m, then the core diameter will be 3.2 m, which means 0.4 times its initial 
value. Consequently, V will also be reduced by this factor, so now V = 0.962. Since 
V > Vcc, then the fundamental mode of the fiber would be still propagated by the 
reduced core. However, if the cladding diameter is reduced to 30 microns, the core 
diameter would be 1.92 and V = 0.58 < Vcc. In this case, the fundamental mode of 
the SMF fiber would be also under cut-off conditions, so it would not be propagated 
inside the fiber core. Some other core and taper waist cladding diameters with their 
corresponding values are presented in Table 4.1, where it can be observed that the 
necessary cladding diameter to start losing the only mode propagated is 44.33 m. 
This means that, if the taper waist diameter is less than 44.33 m, then the 
fundamental mode of the fiber will fulfill the cut-off conditions and will be 
progressively coupling out of the core, this means, to the cladding, as an evanescent 
field of the optical structure.  
As it was mentioned before, the fact of reducing the diameters to guide the 
fundamental mode does not influence the conditions for V to propagate only one 
mode (assuming a proportional reduction and symmetry in the whole structure). 
However, this do influence in the wavelengths that this fundamental mode starts 
to be under cut-off conditions. Fig. 4.4 shows the inversely proportional 
dependence on the cut-off wavelengths as a function of the V parameter in the T-
SMF for different taper waist cladding diameters. Thus, when the cladding diameter 
is the standard of an SMF fiber, this means 125 m, the cut-off wavelength (c) is 
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really high. Considering that standard SMFs are designed to efficiently propagate 
their fundamental mode at 1550 nm (third communications window) there are no 
transmission problems. The same occurs for  < 1252 nm, if the taper waist cladding 
diameter is 50 m; for 1002nm, if the taper waist cladding diameter is 40 m 
and for 751.5nm, if the taper waist cladding diameter is 30 m. 
 
 
Fig. 4.3. Schematic of the T-SMF core with the corresponding evolution of the V parameter as a 
function of the diameter and position along the structure. K corresponds to the constant product 
2πNA/λ, whereas the taper radius (r) is linearly dependent on the position. 
 
Cladding diameter (m) Core diameter (m) V Evanescent field? 
125 8 2.405 No 
50 3.2 0.962 No 
44.33 2.84 0.853 Yes (minimum) 
40 2.56 0.7696 Yes 
30 1.92 0.58 Yes 
20 1.28 0.3848 Yes 
 
Table 4.1. Access to the evanescent field of a T-SMF as a function of V in waist area (zIII). 
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The previous considerations suggest that, as the taper waist diameter 
decreases, the cut-off wavelength also decreases. This means that in low-diameter 
T-SMFs the light is not propagated by the T-SMF core, but it couples to the cladding. 
This means that the outermost medium of the structure is more accessible if the 
waist diameter is lower, so this is good in terms of depositing thin-films onto the T-
SMFs, as there will be a coupling of light to the thin-film that will generate LMRs.  
 
Figure 4.4. Cut-off wavelengths and propagated modes as a function of the taper waist cladding 
diameter for a T-SMF structure.  
 
To prove this, a pair of experiments based on the deposition of a 
[PAH+NR/PAA] thin-film (where NR is Neutral Red) by LbL-assembly were 
performed [4]. Here, NR is used to make sure that the fiber is correctly deposited 
because of the purple color it dyes the substrate, although it does not affect the 
generation of the LMR [4]. Two T-SMF structures were fabricated from a SMF-28 
single-mode optical fiber from Telnet Inc. Their transition lengths were Lt = 3 mm, 
their waist lengths were Lw = 10 mm and their waist diameters were around 50and 
40 m respectively. They were stripped and cleaned with ethanol before subjecting 
them to the tapering machine designed by Nadetech Innovations S.L. and obtaining 
the corresponding T-SMFs.  
To complete the optical set-up, Fig. 4.5 plots a schematic of the fabrication. 
Basically, the idea was the same than the rest of deposition processes presented so 
far, but changing the optical equipment to get results in the third optical 
communications window, since SMF fibers are optimized to work in this range. 
Chapter 4  92 
 
 
Thus, a superluminescent light emitting diode (SLED) broadband light source 
(83437A, Agilent Technologies) was connected to the fibers on one side and the 
spectral response was monitored by an optical spectrum analyzer (OSA - 86140B, 
Agilent technologies) in the other. The detection wavelength range covered from 
1150 to 1680 nm.  
Fig. 4.5. Set-up designed for the deposition and monitoring of these first preliminary experiments 
with T-SMFs [4]. 
 
Fig. 4.6. LbL-assembly deposition of a [PAH+NR/PAA] thin-film on two T-SMFs for taper waist 
diameters of (a) 50 m and (b) 40 m respectively. Dimensions are indicated in the upper part. No 
LMRs show up in the 50 m case whereas an LMR shows up from bilayer 10 in the 40 m case. 
 
After analyzing the data, Fig. 4.6 can be plotted. Here, the difference in the 
obtained spectra as a function of the increasing thin-film thickness for both T-SMFs 
is shown. It can be observed that, for the 50 microns case, there is a slight oscillation 
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in the spectrum. This is due of the slight non-adiabatic behavior of the T-SMF. There 
are some points in which the spectrum presents sudden rise and falls, but the 
overall response remains constant. The opposite can be observed for the 40 
microns case, where there is a clear attenuation band of more than 40 dB between 
layers 10 and 30, showing the LMRs capacity of inducing optical power losses. In 
view of these data, a study on the influence of both T-SMFs diameter and length 
was done, in order to optimize the LMRs parameters for achieving better sensing 
applications. 
 
LMR DEPENDENCE ON THE T-SMF’s PARAMETERS  
A study on the influence of the T-SMF parameters is shown in the following 
lines, in order to determine the most adequate characteristics to generate LMRs in 
these structures [4]. 
First, the influence of the waist diameter is studied. To this purpose, several 
groups of four tapers with waist diameters of 20, 30, 40 and 50 m and transition 
regions with Lt = 3 mm were prepared. The parameters of the different analyzed 
tapers are summarized in Table 4.2, from T1 to T4. Fig. 4.7a is an experimental and 
theoretical representation of the LMR minimum evolution as a function of the 
number of bilayers at 1310 nm, when the diameter is varied. Simulations are 
obtained with CAMFR software [11], (see Appendix 1) which is based on the three-
dimensional eigenmode expansion technique with perfectly matched layers [12]. 
By comparing the three tapers with diameters below 42 m, it can be 
observed that the depth of the LMR decreases as a function of the waist diameter. 
The relationship between the depth and the diameter of the LMR has been also 
analyzed theoretically, showing a non-linear behavior. The red dots indicate the 
resonance depth for the T-SMFs previously mentioned. The simulation reaches T-
SMF diameters of 10 m, where the accumulated losses are approximately 50 dB 
(undetectable for the OSA used). From this point on, diameters below 10 m 
present disadvantages such as fragility and the dependence of the properties of the 
LMR on other external phenomena, like vibrations, so this has been set as the lower 
limit for this study. 
Another conclusion that can be extracted from these theoretical and 
experimental results, is that LMRs occur at the same range of bilayers for all the 
tapers analyzed. Consequently, this property does not actually depend on the waist 
diameter of the T-SMF. 
Chapter 4  94 
 
 
The analysis of the taper waist length is also addressed. To this purpose, 
three T-SMFs were studied with the dimensions also shown in Table 4.2, from T5 to 
T7. Here, it is important to highlight that the three tapers had a fixed waist diameter 
and transition region of 40 m and 3 mm respectively. This decision was based on 
the results obtained for Fig. 4.6, where it was proved that a taper waist diameter of 
40 m was enough to generate an LMR. The waist lengths were varied between 5 
and 20 mm, in order to study the effect of this magnitude on the characteristics of 
the LMR. 
 
Taper 
Waist length 
Lw (mm) 
Waist diameter 
øw (m) 
T1 5 20 
T2 5 30 
T3 5 40 
T4 5 50 
T5 5 40 
T6 10 40 
T7 20 40 
 
Table 4.2. Parameters used to study the influence of the T-SMF waist diameter and length 
 
In Fig. 4.7b, the evolution of the LMR minimum is presented as a function 
of the number of bilayers at = 1310 nm. The experimental results obtained in the 
laboratory and the theoretical simulations for the three tapers considered, also 
obtained with CAMFR software, are shown. As in the previous section, the aim is to 
study the evolution of the attenuation band generated by the LMR as the taper 
waist length increases. 
First of all, it can be observed that every LMR minimum occurs at the same 
range of bilayers (or thickness). Consequently it does not depend on the waist 
length of the T-SMF either. In addition, Fig. 4.7b shows that the minimum value for 
taper T5 decays to almost −14 dB at bilayer 40. The next taper, T6, falls down to −26 
dB, which implies 12 dB deeper than T5 and, finally, T7 decays to −40 dB (27 dB 
deeper than T5). Moreover, these data are also confirmed theoretically. In view of 
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these results, it can be affirmed that the LMR is deeper when the taper is longer. 
This phenomenon can be explained as an effect of the taper length, since there is a 
longer region where the cladding modes couple to the thin-film. This means that 
having a longer waist length permits to couple more power from the cladding to 
the thin-film along the sensitive region and that the losses registered are higher. 
This is confirmed in Fig. 4.7b, where the power losses experimented by the taper 
are represented as a function of the waist length. Apart from that, the sensitivity of 
the OSA is not enough to detect where the minimum of T7 data is located, so this 
results in a difference between experimental and theoretical data in the case of T7. 
As a consequence, there is a little distortion in the detection of the minimum value. 
 
Fig. 4.7. Theoretical and experimental evolution of the LMR minimum as the deposited thin-film 
thickness increases at λ = 1310 nm. Results are obtained by varying (a) the taper waist diameter 
maintaining Lw = 5 mm and (b) the taper waist length maintaining Øw = 40 m [4]. 
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Finally, the study of the effect of a T-SMF dimensions on the formation of 
LMRs is concluded with a sensitivity analysis. To this purpose, the parameter “rate 
of change” (ROC), given in dB/bilayer, indicates the maximum relative power loss 
in dB per bilayer deposited at a determined wavelength. This is depicted in Fig. 4.8a, 
where ROC is the maximum slope of the plot, representing the relative power loss 
in dB versus the nanocoating thickness (given in bilayers) at a fixed wavelength. 
Another parameter is the “aspect ratio”. This is defined as the quotient between 
the length and the diameter of a T-SMF, given in microns of length divided by 
microns of diameter. Since this magnitude can be too large due to the values used 
in this work, it is better to normalize it to its maximum value, so that it can be 
included in the [0,1] interval. Thus, the aspect ratio turns into “normalized aspect 
ratio” or NAR, which expression is given in equation (4.3): 
 
 𝑁𝐴𝑅 =
𝐴𝑅
𝐴𝑅|𝑚𝑎𝑥
=  
𝐿𝑤
∅𝑤
𝐿𝑤
∅𝑤
|𝑚𝑎𝑥
             (4.3) 
 
According to this, NAR = 0 involves no tapering process. This means Lw = 0. 
In fact, for diameters higher than 44.33 m, no LMRs can be produced when 
depositing the [PAH+NR/PAA] thin-film, as it is depicted in Fig. 4.8. This situation 
can be observed in the results obtained for T4. Here, the rate of change is null, as 
has been mentioned previously, so the sensitivity is also null. 
For diameters below 44.33 m and with a certain waist length, the 
evanescent field is accessible, since part of the fundamental core mode is 
propagated in the cladding. Then, the thin-film deposited makes the LMRs to show 
up. The depth of the LMR increases as the taper waist is longer and thinner, as 
confirmed in Fig. 4.8b, with T7 dimensions. As a result, the ROC decays as a function 
of the NAR. These considerations are interesting in terms of optimizing the 
sensitivity of the LMR, although the latter dimensions are not appropriate to work 
with them due to the fragility of the structure. 
Therefore, a compromise solution is required. This means that, from a 
practical point of view, by having the diameter reduced, the length of the structure 
can be shortened too. Losses will not be high, although it can be affordable as long 
as the LMR induces enough attenuation. In this way, the device can be miniaturized 
and, thus integrated as a part of a whole sensor system. 
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Fig. 4.8. (a) Graphical explanation of the concept “rate of change” in an LMR. (b) ROC versus 
normalized aspect ratio (NAR) graph, to observe the evolution of the sensitivity of a T-SMF as a 
function of the NAR parameter [4]. 
 
4.2. Generation of LMRs on tapered single-mode optical fibers 
As a theoretical example of what is happening under the previous 
conditions when an LMR is being generated on a T-SMF, some simulations similar 
to the CRMMF structures case have been performed, but now using FIMMWAVE® 
software (see Appendix 1 for more information about this software). The reason 
for this change is that due to the fact of working with an input waveguide range for 
single-mode operation, only the fundamental mode of the core is analyzed. 
Moreover, since the thin-film deposited again is [PAH/PAA], the same refractive 
index and thickness for the thin-film deposited onto the CRMMFs is simulated 
(parameters N = 1.548 + 0.0105i and thickness = 330 nm). As demonstrated in 
chapter 3, under these conditions the LMR is located at 1425 nm. The only 
difference in the parameterization is the light source, which has been changed by a 
fundamental mode Gaussian source. In addition, due to the previous conclusions, 
a tapered SMF with reduced dimensions is simulated, with parameters Øw = 40 m, 
Lt = 3 mm and Lw = 11 mm. Fig. 4.9 shows the numerical data.  
First, the longitudinal section of the electric field intensity is analyzed, for 
1150 and 1425 nm, which is the spectrometer wavelength range. Thus, in Figs. 4.9b 
and c it can be observed the light propagation into the fiber core and not expanding 
to the cladding. It is also remarkable that, as the fiber core is reduced, there is an 
actual field confinement. However, the colors are less bright and they even almost 
disappear, indicating that there are losses in the electric field intensity along the 
deposited area that cannot recover in the detection side. Moreover, the 
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simulations show certain guidance for 1150 nm which is quite higher in comparison 
to that of 1425 nm, so it is clear that the effect of the LMR attenuation is higher at 
1425 nm. 
Fig. 4.9. (a) Schematic of light propagation in a thin-film-deposited T-SMF, based on ray theory. 
Longitudinal power distribution along the sensitive area at (b) 1150 nm and (c) 1425 nm, 
respectively, simulated by using mode theory in FIMMWAVE®. 
 
Regarding the cross-section, there are some differences with respect to the 
multimode structures. First, due to the SMF conditions before the deposited zone, 
only the HE1,1 mode can be propagated inside the fiber core (see Fig. 4.10a for both 
field contributions at 1150 and 1425 nm). Thus, the main beam (lobe) is quite clear, 
reaching 2.5 V/m, and being totally confined in the core without side lobes. It is 
remarkable the fact that the electric field values obtained during the whole 
structure are higher in the single-mode case than in the multimode case, as a 
consequence of the better guidance obtained. 
The effect of the LMR can be observed for 1150 and 1425 nm cases in the 
deposited zone. For 1150 nm, a slight field contribution in the main lobe, this 
means, in the fundamental mode of the core (HE1,1) still exists in the center of the 
structure (see Fig. 4.10b). The sharp shape obtained means that the electric field is 
hardly propagated inside the fiber core, estimated to be 2.8 m thick. However, the 
intensity decreases from 2.5 to 1.5 V/m and a portion of the electric field is 
transferred to the cladding (around 0.1 V/m in magnitude). This makes the field 
be less confined in comparison to its shape before the deposited zone. The key 
99   Abián Bentor Socorro Leránoz 
 
 
point of this transfer is that with that core size, the HE1,1 mode is under cut-off 
conditions, according to what was explained in Fig. 4.4. Consequently, the electric 
field expands while it is being guided in the new waveguide formed by the 40-
micron-fiber and the thin-film. Additionally, it is important to notice that there are 
no side lobes, something that did not happen in the CRMMF case. This means that 
the T-SMF transition is adiabatic, so no modes are interfering in the new created 
waveguide. In the case of CRMMFs, these little oscillations were due to the mode 
beatings when propagating in the sensitive area.  
When analyzing what happens for 1425 nm, the shape of the electric field 
is the same than for the 1150 nm case, indicating that the fundamental mode of 
the core is cut-off. In fact, there is also a field contribution out of the silica 
waveguide that still remains propagating with 0.1 V/m. The difference here is that 
the main beam is strongly attenuated to less than 0.5 V/m. This corroborates the 
high attenuation effect of the LMR, centered at that wavelength and shows the 
coupling from the fundamental mode of the core to the thin-film, where it is lost.  
Finally, when the core diameter returns to 8 microns after the second 
transition region, the obtained electric field is quite attenuated although it seems 
logical to obtain more electric field contribution in the 1150 nm case than in the 
1425 nm case (see Fig. 4.10c). It is also interesting to highlight that due to the 
characteristics of the single-mode fiber, all the light received in the detection side 
is propagated with the same shape that before entering the sensitive area, this 
means, a main beam without side lobes and more confined than in the sensitive 
zone. This indicates that the transition is again adiabatic and, because of the 
propagation of only one mode (HE1,1), this should lead to a reduction in the spectral 
width of the LMRs produced. 
In order to corroborate the numerical data presented above, the same 
experiments prepared for the CRMMF structures were performed, but now using 
CRMMFs and T-SMFs, with the objective of comparing the obtained results. To this 
purpose, two CRMMFs and four T-SMFs from several standard single-mode optical 
fiber segments were prepared. The dimensions and names given to all these optical 
structures are summarized in Table 4.3. The optical set-up was the same described 
in Fig. 4.5 and the chemicals were the same used for the CRMMF depositions, this 
means, a [PAH/PAA] polymer matrix. To support the T-SMF data obtained 
experimentally, some additional simulations were also run. 
When analyzing the data, it is important to compare in the same 
wavelength range. Since the FT200EMT fiber is intended mainly for VIS-NIR 
applications, the multimode structures were compared in that spectral window 
(from 400 to 1200 nm) in chapter 3. However, SMFs are normally used in the second 
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and third telecommunications windows. Therefore, the multimode structures will 
also be compared in the OSA spectral region, ranging from 1150 to 1680 nm.  
 
Fig. 4.10. FIMMWAVE® simulations for the cross-section of the studied T-SMF (a) before entering the 
thin-film, (b) in the center of the deposited area and (c) before entering the detector, respectively. 
Data for 1150 and 1425 nm. 
 
Optical 
structure 
Initial diameter (m) Final diameter (m) Lt (mm) Lw (mm) 
C1 200 200 0 40 
C2 200 200 0 20 
T1 125 40 3 20 
T2 125 40 3 15 
T3 125 40 3 13 
T4 125 40 3 11 
 
Table 4.3. Summary of both the CRMMFs and T-SMFs dimensions utilized to prove the spectral width 
reduction of the LMRs. 
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Fig. 4.11. LMR evolution registered by C1 (a) and T1 (b) as a function of [PAH/PAA] increasing thin-
film thickness. Higher attenuation values are obtained in T1 case [13]. 
 
In Fig. 4.11, the spectra of structures C1 and T1 are represented as a function 
of the increasing thin-film thickness. It can be observed that the LMR attenuation 
is higher in T1 case (more than 40 dB) than in C1 case (around 10 dB). Thus, the first 
conclusion is that a lower length T-SMF device permits to obtain higher attenuation 
values in the generated LMR than those obtained with both CRMMF devices. 
In this sense, Fig. 4.12 shows the theoretical and experimental optical 
spectra for all the analyzed devices. Here, the white and black dotted lines 
highlighted in Fig. 4.11 are the corresponding spectra to C1 and T1 structures, 
respectively. As it can be observed, experimental results agree well with their 
corresponding simulations and reveal two interesting facts. The first one is that by 
increasing the length of a CRMMF the LMR attenuation is higher. The second, and 
most important, is that the LMRs obtained with T-SMFs are narrower. 
Moreover, it is important to highlight that the attenuation of the generated 
LMRs is not the same as a function of the sensitive region length. This is the same 
phenomenon shown in CRMMF devices. However, as it can be observed by 
comparing the experimental results in Figs. 4.12b and d, the attenuation values 
given by T-SMFs with less sensitive region than the CRMMF cases are higher. To 
verify this phenomenon, in Fig. 4.13 it is theoretically compared the optical 
spectrum of T4 with CRMMF devices with different lengths. The results obtained 
prove that more length is needed in the CRMMFs case to achieve the T-SMFs 
attenuation values. Moreover, even for the same attenuation value there is net 
reduction of the LMR spectral width with T-SMF devices.  
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Fig. 4.12. Transmission spectra with thin-film thickness 330 nm. (a) and (b) Numerical and 
experimental results for C1 and C2 devices. (c) and (d) Numerical and experimental results for T1 to T4 
devices [13]. 
 
Taking a look to Fig. 4.13a, it can be observed that the spectral width of the 
LMR is ∆λ|CRMMF = 110 nm for the 40 mm-length CRMMF, whereas in the T4 case, it 
is ∆λ|T4 = 50 nm. This is more than a two-fold improvement, obtained with a device 
thirty times shorter. Moreover, the two minima obtained with CRMMF devices are 
reduced to one minimum for the T-SMF. This can be also corroborated by 
comparing Figs. 4.12b and d, where the difference is even higher, presenting more 
than 500 nm in the CRMMFs case and between 30 and 150 nm in the T-SMFs case. 
Thus, there is a visible reduction in the spectral width by using a T-SMF. 
At this point it is crucial to somehow confirm that T-SMF provided a better 
spectral width than TCRMMF. In view that the experiments only suggest a drastic 
decrease in the optical power, a theoretical study of different TCRMMF diameters is 
provided, to see what would happen if such structure reduced its diameter. TCRMMF 
diameters are varied between 100 and 60 m. As a result, Fig. 4.13b is presented, 
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corroborating optical power losses as the main obtained effect and null reduction 
in the spectral width of the LMRs. 
The reason for the high ∆λ in multimode structures can be explained by 
considering the condition for maximum coupling from a core mode to the thin-film. 
Due to the different effective refractive index of each core mode, the maximum 
coupling is obtained at a different wavelength in each case. As a result, the final 
attenuation band consists of the sum of the attenuation bands for each specific 
core mode coupled to the thin-film lossy-mode, what leads to a higher dispersion 
[14]. Thus, the LMR broadens.  
However, due to the adiabaticity of the used T-SMFs, the fundamental core 
mode couples predominantly to the fundamental mode of the new 40-micron-thick 
waveguide [6]. Consequently, the light coupled in the thin-film is due mainly to this 
fundamental mode, and not due to a set of modes like in the multimode structures. 
As a result, light coupling occurs in a narrower wavelength interval and so, the 
spectral width of the obtained LMR is reduced. 
 
Fig. 4.13. Simulated transmission spectra with a thin-film thickness of 330 nm for T4 and CRMMFs 
with different lengths (a) and T-CRMMFs with different waist diameters (b). The LMR maintains 
narrower in the T-SMF case [13]. 
 
Therefore, it has been demonstrated that there is a net reduction in the 
spectral width of the LMRs propagated in a T-SMF structure, if compared with 
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CRMMFs or T-CRMMFs. Moreover, even more attenuation has been obtained by 
reducing the length of the fabricated devices. As a consequence, the resolution 
capacity of the LMRs has been improved and this can be taken into account to 
address a better detection of the different magnitudes. Consequently, when 
addressing the biodetection, it should be possible to distinguish small 
concentration increments, which is good in terms of designing LMR-based 
biosensors. 
 
4.3. Sensors based on LMRs generated on T-SMFs  
In this section, different examples of sensors are provided, based on the 
generation of LMRs with T-SMFs. The main goal is to extract some conclusions on 
the use of this technology as a potential platform to develop biosensors.  
 
4.3.1. pH sensor depositing polymer thin-films 
A pH sensor based on a [PAH/PAA] polymer thin-film deposited by LbL-
assembly is presented [15]. The swelling property of this matrix permits to expand 
or contract its thickness depending on the amount of water molecules accumulated 
(then, a moisture sensor can be designed) or the ionic force of the solution. 
Consequently, the corresponding LMR will shift as a function of this thickness 
variation. 
First, the LMR evolution as a function of the increasing thin-film thickness 
is plotted in Fig. 4.14a. Here, the arrows indicate that the LMR experiments an 
increase in wavelength displacement and depth. Moreover, there is one more 
aspect to observe: the double peak presented by the resonance during its 
generation. This phenomenon corresponds to the separation of the two different 
polarizations that form a typical LMR: TE and TM. In fact, the resonance obtained is 
the contribution of both modes as it is described in [3]. 
Once located in the optimal position, the pH detection is shown. In this 
sense, five PBS solutions with pH values 4.0, 4.5, 5.0, 5.5 and 6.0 were used. The 
experimental set-up was the same as that shown in Fig. 4.5. The experiment 
involved subjecting the sensor to several cycles between pH 6.0 and 4.0 in order to 
study its repeatability and response time. 
Regarding the characterization of the LMR, the results obtained are 
graphically described in Fig. 4.14b. Here, the different wavelengths at which the 
sensor stops after immersing in every pH solution are presented. At the beginning 
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of the experiment, the sensor is immersed in the pH 6.0 PBS buffer solution, which 
causes a wavelength shift from 1410 to 1375 nm without any considerable 
movement in the transmission of the LMR, stabilized at −34 dB. The explanation of 
this is that when the [PAH/PAA]30 assembled structure reaches this pH value, both 
polymers are oppositely charged. However, while PAH chains are fully ionized, PAA 
ones are close to fully ionized, which provokes a strong adhesion between 
molecules. As a result, there is a compression in the polymeric structure due to a 
deswelling process [16,17]. This induces a change in the thickness and the refractive 
index of the thin-film and, therefore, the resonance shifts to lower wavelengths. 
 
Fig. 4.14. (a) Evolution of the LMR while the construction takes place (b) pH detection for the sensor 
proposed. The resonance shifts to higher wavelengths when pH decreases from 6.0 to 4.0 [15]. 
 
In addition to this, a single peak is observed when detecting pH, instead of 
the dual peak observed at the end of the fabrication process. This is not a problem 
for the purpose of this study, since the surrounding medium outside the detector 
is different to air or water (PBS) and, due to the changes in the refractive index, the 
re-organization of the coupling modes makes TE and TM modes propagate 
together. 
From this point on, the resonance experiments a progressive wavelength 
shift to the red as a function of pH Fig. 4.14b and Fig. 4.15a. The explanation is that 
below pH 6.0, the polymeric matrix experiments a great swelling effect due to the 
quick loss of the weak bonds between PAH and PAA [16,17]. As a result, the thin-
film expands, reaching its highest values. This induces a change in the refractive 
index and, consequently, both a red-shift and an increase in the resonance depth. 
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Concretely, when pH equals 5.5, the LMR locates around 1435 nm with almost −46 
dB of transmission. A similar magnitude is obtained at pH 4.5, but the resonance is 
located at 1515 nm. When the LMR reaches 1560 nm with −50 dB of transmission, 
this is an indication of pH 4.0. Finally, for pH 5.0 a dual peak centered at 1470 nm 
can be observed in Fig. 4.14b. This is caused by a lack of sensitivity of the OSA at 
this wavelength range. In this situation, the transmission of the LMR decays below 
the sensitivity limit of the OSA, so it is difficult for an electronical device to detect 
where the real peak of the resonance is. That is why, in the following lines, an 
algorithm to estimate accurately the resonance wavelength as a function of pH is 
proposed. 
To finish the sensor characterization, the response time of the sensor when 
detecting pH is studied. Focusing on the second cycle of the detection shown in Fig. 
4.15a, which by the way shows the sensor repeatability, the response time for every 
change of pH can be estimated. In view of the similarity in the response time for 
every pH step, Fig. 4.15 shows the response time to a variation from pH 6.0 to pH 
5.5. Here, the horizontal axis is expressed in seconds to see the performance in a 
better way. As it can be observed, the response time is around 60 seconds. In this 
case, the [PAH/PAA] polymeric matrix experiments a great swelling effect, which 
provokes a refractive index change that makes the resonance wavelength rise from 
1375 to 1435 nm, as has been mentioned PAA [16,17]. 
 
Fig. 4.15. (a) Tracking of the minimum of every spectrum after processing (a) with the algorithm 
proposed. (b) Response time of the sensor. The time separation between samples is 5s, which is the 
time needed by the OSA to acquire each piece of information [15]. 
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4.3.2. Celiac disease biosensor based on polymer thin-films 
In this work, LMRs are generated in thin-film coated T-SMFs to develop an 
optical fiber biosensor to detect anti-gliadin antibodies (AGAs). These biological 
compounds are fabricated in the human body when it suffers from celiac disease, 
which supposes one of the most prevalent affections in the current society. 
Concretely, the critical values considered to develop celiac disease are 8-10 ppm 
[18]. There are some contributions reporting how to solve this issue [18,19], 
although this is the first time, to our knowledge, that the detection is achieved by 
using LMRs developed in T-SMF structures. 
To this purpose, the T-SMF was subjected to an LbL-assembly deposition of 
[PAH/PAA] as indicated in Fig. 4.16. As it can be observed, a first LMR was observed 
in the transmission spectrum after 30 bilayers, presenting a wavelength shift to the 
red as more bilayers were deposited. At the same time, the attenuation was 
increased, as it was expected for an LMR generated in an optical waveguide [20,21]. 
Then, a [PAH/PSS]3 thin-film was adsorbed onto the previous one. This permitted 
to create an adequate environment for the deposition of the biological substances 
and to prevent the adsorbed nanostructure from allowing the diffusion of the 
antigens/antibodies [22]. Finally, a {[gliadin/PSS]2 + gliadin} film was deposited to 
embed the antigen into the bioprobe. At this point, the LMR was centered in 1550 
nm presenting a spectral width (3 dB above the LMR minimum) of around 50 nm 
and 20 dB of attenuation. 
 
Fig. 4.16. (a) Power evolution during the sensor fabrication. (b) LMR profile as a function of the 
increasing thin-film [23]. 
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Thus, the biosensor was prepared to adsorb the AGAs. To this purpose, it 
was first immersed in a cuvette containing 50% v/v aqueous diluted PBS at pH 7.4 
for an hour and the optical spectrum during this process was monitored. Then, the 
AGAs solution was added to the cuvette and the same procedure was followed for 
monitoring the LMR behavior. So it is presented in Fig. 4.17a. The depicted spectra 
correspond to the first immersion in the PBS solution (the beginning of the 
experiment), after an hour (end of the stabilization in the PBS solution) and at the 
end of the AGAs binding process [23]. 
Moreover, in view of the possibility of tracking the LMR shifts, a simple 
algorithm based on least squares was programmed in MATLAB® to estimate the 
LMR minimum at any time. The results are presented in Fig. 4.17b. 
First, the evolution of the resonance wavelength when immersing the 
biosensor in PBS can be observed, obtaining an LMR minimum shift from 1500 to 
almost 1565 nm due to a refractive index change in the thin-film. Then, after adding 
the AGAs, LMR shows another wavelength shift from 1565 to 1585 nm. As it has 
been mentioned along this thesis, the presence of BSA avoids the adsorption of 
AGAs by binding with their non-specific sites [24]. Therefore, the wavelength shift 
is due to a change in the thin-film optical properties, as a consequence of the 
generation of gliadin – AGAs complexes. Another interesting point is that the 
detected concentration (5 ppm) is lower than that currently considered a cut-off 
when diagnosing celiac patients, this means, 8-10 ppm [18]. This could be an 
improvement in terms of early diagnosis. 
Fig. 4.17. Shapes (a) and tracking of the LMR minimum (b) during the AGAs detection process [13]. 
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Finally, in order to corroborate the presence of AGAs in the biosensor once 
the detection process ended, the device was washed three times in PBS in order to 
remove the not correctly bounded AGAs. Then, the sensor was positioned over a 
little Teflon® tray and 100 μl of TMB substrate were dropped over the whole 
sensitive region to see whether the TMB-HRP enzyme reaction produced hydrogen 
peroxide. This usually leads to the TMB oxidation, showing a color change in the 
resulting medium [25]. This is shown in Fig. 4.18, where some of the process 
pictures are presented as a function of time. It can be observed that, during one 
hour, the color of the TMB substrate changed from transparent to blue, indicating 
the presence of conjugated AGAs in the medium. Moreover, the sensitive region of 
the T-SMF itself showed the same color, confirming that the conjugated AGAs were 
adsorbed onto the biologic thin-film and, therefore, to the optical fiber. 
Fig. 4.18. Presence of AGAs in the T-SMF proved by using the TMB - HRP enzyme method [23]. 
 
4.4. Conclusions 
All in all, the use of tapered single-mode optical fibers (T-SMFs) supposes 
an enhancement of the LMR properties when generated by polymeric thin-films 
deposited onto optical fiber-based structures. They provide more interaction with 
the evanescent field of the optical structure and permit to improve the spectral 
width and the attenuation of the LMRs generated with a reduction in the devices 
dimensions. If compared to CRMMFs, the LMRs spectral widths are quite reduced 
and the attenuation is gently improved. This permits to detect small increasing 
concentrations of biological compounds with a better resolution in the 
measurements. Therefore, T-SMFs are good candidates to address a biodetection. 
In order to check this affirmation, a figure of merit (FOM) like that defined 
in chapter 3 can be calculated. It has been shown along this chapter that the optical 
structure does not influence the LMRs sensitivity. In fact, the simulations locate the 
LMRs in the same position for the same parameters. Therefore, in order to obtain 
the FOM for the T-SMF structure, the same sensitivity of the CRMMF structure, this 
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means, 2872 nm/RIU, will be used, considering that a [TiO2/PSS] thin-film is 
deposited. Regarding the spectral width of the resonances, this parameter has been 
quite reduced, since the optical structures chosen permit a limited access to the 
evanescent field and, moreover, the collected light in the detection side is single-
mode. So in case there are modes that are not allowed to be propagated in the 
fiber, they are just filtered. In this sense, the best LMRs produced in this chapter 
have been obtained in the celiac biodetection on section 4.3.2, where the spectral 
width was around 50 nm. However, in order to compare the values of the FOM, the 
FWHM must be taken to evaluate the formula. In this case, considering that the 
LMR centered at 1550 nm (before the biodetection) is visible down to -5 dB in 
transmission, then FWHM ≈ 120 nm. Therefore, the FOM for T-SMFs will be: 
 
𝐹𝑂𝑀𝑇−𝑆𝑀𝐹 =  
𝑆[𝑛𝑚/𝑅𝐼𝑈]
𝐹𝑊𝐻𝑀 [𝑛𝑚]
=
2872 𝑛𝑚/𝑅𝐼𝑈
120 𝑛𝑚
= 23.93 ~ 24 𝑅𝐼𝑈−1 
 
which implies more than a 3-fold improvement if compared to CRMMFs, although 
still low. In spite of that, a clear enhancement has been obtained in comparison to 
CRMMFs, which is encouraging to keep on improving the results by using this kind 
of structures. 
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 CHAPTER 5. Sensors based on high refractive index thin-
films deposited on single-mode – multimode – single-
mode optical structures 
 
So far, a process followed to reduce the spectral width of the LMRs has 
been presented. In this sense, a considerable reduction has been obtained by using 
adiabatic tapered single-mode optical fibers (T-SMFs). This has been good in terms 
of enhancing the resolution of the measurements at the same time a high 
sensitivity is maintained.   
From this point on, a different approach is carried out. As mentioned in 
chapter 2, thin-films can be also used to increase the effective refractive index of 
the whole optical structure and thus make it more sensitive to surrounding medium 
refractive index (SMRI) variations. In this sense, a less studied method for the 
detection of biomolecular species is multimode interference (MMI). The fact of 
dealing with interferences involves to control the behavior of the sensing 
phenomena in a different way, since there are different parameters to take into 
account for each specific structure. 
It seems to be that most of the MMI-based sensors are not extensively 
studied because their sensitivity is low in comparison to other optical structures. 
However, there are many applications (physical applications, mainly) involving the 
use of MMI to create sensors, as mentioned in chapter 1. In fact, one of the most 
developed due to its low-cost and easiness to fabricate is the single-mode – 
multimode – single-mode structure or SMS. Trying to improve the SMS structure 
characteristics and potential response will be the main focus of this chapter. 
 
5.1. Light propagation in SMS structures 
The SMS structure is used in important fields such as optical 
communications and sensors. In optical communications, interesting devices such 
as wavelength filters have been developed [1,2], whereas in the optical sensors 
field it has been possible to measure magnitudes such as displacement, strain, 
pressure, temperature or refractive index [2-8].  
An SMS optical fiber-based structure is formed by two standard single-
mode fiber pigtails spliced on both sides of a length-varying multimode no-core 
fiber of the same diameter (see Fig. 5.1 inset). As a result, the total diameter of the 
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structure is 125 microns, although the SMF fiber has a core diameter of 8 microns 
and the MMF segment core is 125 microns thick. Here, it is important to point out 
the nomenclature. It is widely accepted that the MMF segment is called no-core (or 
coreless) fiber. However, it is a silica core without cladding actually, so the light is 
all the time propagating into the core of the resulting structure. 
The basic physical principle of the device is that light transmitted through 
the fundamental mode of the input SMF pigtail is coupled to several modes into the 
MMF segment and then recoupled to the fundamental mode of the output SMF [8]. 
Due to MMI phenomenon, both transmission and attenuation bands are obtained 
in the optical spectrum. Particularly, the transmission bands obtained by the self-
imaging effect exhibit minimum losses [9], and its central wavelength can be 
controlled as a function of the MMF segment dimensions, mainly by the MMF 
segment length and diameter [8].  
 
Fig. 5.1. Optical set-up prepared to measure the spectrum behavior when increasing the coreless 
MMF length L, and to see its evolution during a thin-film deposition process. The inset represents an 
SMS optical structure [10]. 
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In this sense, by simply connecting an SMS to a white light source and to an 
optical spectrum analyzer (OSA), covering the third optical communications 
window, as shown in Fig. 5.1, it is possible to track the spectrum evolution as a 
function of the MMF segment length [10].  
Thus, Fig. 5.2 is presented, showing the theoretical and experimental 
results of varying the MMF segment length, for length values of 5, 10, 15, 20, 25, 
30, 35, 40, 45, 50 and 58 mm. There is a good agreement between theoretical and 
experimental data when comparing the output spectrum when the MMF segment 
length increases. Different transmission and attenuation bands can be observed in 
the optical spectrum for all cases. 
These bands are caused by multimodal interferometry, which can be 
constructive or destructive. If the interferometry is constructive, it may be caused 
by a fractional constructive interference or by a light field condensation between 
several guided modes in a particular plane [11]. The last spectrum permits to obtain 
a higher transmission band than in the rest of cases, known as the self-imaging 
band. Consequently, most of the following designs will be focused on monitoring 
the evolution of the band produced by the self-imaging effect. In this sense, the 
design can be simplified in a great manner by using the analytical expression that 
approximates the length of the MMF section that is adequate for positioning the 
band at a specific wavelength: 
𝑍𝑖 =
4𝐷2𝑛
𝜆
     (5.1) 
where D and n are the MMF diameter and refractive index, respectively, and λ is 
the operational wavelength. In the presented SMS structure, D is 125 μm. 
Consequently, just by fixing the refractive index and the operational wavelength, 
the length of MMF segment can be determined. In view of the wavelength range 
that is monitored with the experimental set-up of Fig. 5.1, a good option is to fix 
the transmission band at the third optical communications window, centered at 
1550 nm. At this wavelength the refractive index of silica is N = n = 1.444 [12], which 
can be applied to Eq. 5.1. So the length of the MMF segment should be 58 mm. 
Moreover, the MMF segment diameter is also responsible for the 
sensitivity of the device. In [5,8,9] it has been proved that, by reducing the 
diameter, an improved sensitivity to refractive index can be obtained. However, 
there are additional issues to address, such as fiber misalignment and inadequate 
splicing to the SMF fiber. That is why in [11] it has been proposed a tapered SMS. 
Nevertheless, the MMF segment diameter will be analyzed later on. 
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Fig. 5.2. Experimental and theoretical spectra of uncoated SMS structure for different MMF section 
lengths: 5, 10, 15, 20, 25, 30, 35, 40, 45, 50 and 58 mm [10]. 
 
Additionally, there is also an increasing interest in developing structures 
coated with thin-films. Two reasons justify the application of an additional coating. 
The first one is the ability to improve the performance of the same devices without 
coating [13]. As an example it has been possible to obtain a 10-fold increase in long-
period fiber grating refractometers [14]. The second reason is the possibility of 
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using thin-films that are sensitive to humidity, a specific gas [15], pH [16], a 
chemical species [17], or a biological species [18], which permits to increase the 
number of applications of these devices in a great manner.  
In view of the previous success in combining thin-films with optical 
structures that are inherently sensitive to the surrounding medium, the application 
of a thin-film to an SMS structure should lead to interesting results. So far, this idea 
has been studied theoretically in [19], showing promising results such as the 
improvement, as a function of coating thickness, of the sensitivity of one of the 
resonances created in the optical spectrum.  
In addition to this, simulation data obtained with the transfer-matrix-
method (see Appendix 1) permit to understand the influence of losses in the thin-
film in terms of visibility of the interferences obtained in the optical spectrum. The 
phenomenon owns similarities with thin-film-coated LPFGs, where there is a 
progressive blue wavelength shift of the resonances as a function of the thin-film 
thickness [20]. The phenomenon is caused by a modification of the effective index 
of cladding modes induced by the thin-film, which in some works is called “mode 
transition” [13,14]. In the SMS there is also a wavelength shift caused by the 
modification of the effective index of cladding modes. Contrary to LPFGs there is a 
wavelength shift to the red, which will be explained later. In addition to this, the 
results obtained for different MMF section lengths permit to obtain important 
conclusions that can be applied for the miniaturization of these devices. 
In order to check the spectrum evolution as a function of a high refractive 
index material deposition, a layer-by-layer assembly process (LbL-assembly) is 
performed, with the set-up presented in Fig. 5.1. Each bilayer of the coating is 
obtained by immersing the substrate in two solutions of poly (allylamine 
hydrochloride) (PAH) and poly (acrylic acid) (PAA), both of them in 10 mM 
concentration and adjusted to pH 4.5. According to the previous indications, the 
optical spectrum evolution is represented in Fig. 5.3 as a function of the number of 
bilayers of the [PAH/PAA] thin-film. A wavelength shift to the red is observed for all 
bands, which indicates that Eq. (5.1) is no longer valid if a thin-film is deposited on 
the MMF section. 
By comparing the experimental results in Fig. 5.3a with numerical data in 
Fig. 5.3b and c, it is easy to observe the similarity in the evolution of the 
transmission bands. However, there is an important difference in terms of fading 
of the transmission bands. In the region between 450 and 650 nm the experimental 
data show a null transmission, a phenomenon that has been observed in thin-film 
coated long-period fiber gratings (LPFGs) [21,22], in thin-film coated cladding 
removed multimode optical fibers [16], and in thin-film coated tapered fibers [23]. 
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This phenomenon is caused by coupling of light to a mode guided in a thin-film that 
presents losses and it is not considered in Fig. 3.20b. According to previous 
estimations [22], the refractive index of [PAH/PAA] at 1310 nm was 1.5 + 0.0025i. 
The real part of this value was used for obtaining the numerical results of Fig. 5.3b. 
However, if the complex refractive index is considered, the theoretical results 
obtained in Fig. 5.3c fit better with those of Fig. 5.3a. 
In Fig. 5.4, the central wavelength of the transmission bands and its 
maximum power is represented both theoretically and experimentally, confirming 
the similarity between the model and the experimental data. Also, it is interesting 
to observe the shape of plots in Figs. 5.3 and 5.4. Both resemble to those plots 
obtained with deposition of thin-films on LPFGs [13,14]. However, instead of a blue 
wavelength shift, transmission bands experiment a wavelength shift to the red. 
 
Fig. 5.3. Evolution of the spectrum as a function of thickness for an SMS structure of 58 mm-length 
MMF segment. (a) Experimental results, (b) Theoretical results assuming thin-film RI = 1.5 and (c) 
Theoretical results assuming thin-film RI = 1.5+0.0025i [10]. 
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Fig. 5.4. Evolution of the spectrum as a function of the central wavelength of two transmission bands 
obtained with an SMS structure of 58 mm [10]. 
 
Now, it is important to take a look at the evolution of the mode effective 
refractive index as a function of the increasing thin-film thickness (see Fig. 5.5). It is 
easy to observe that in the fading region there is a double step mode transition (the 
HE1,7 mode becomes de HE1,5 mode, the EH1,6 becomes the EH1,4, and so on), exactly 
like cladding modes in LPFGs [13]. 
In LPFGs each resonance is caused by coupling of light from the core mode 
to a cladding mode. The attenuation bands caused by coupling to cladding modes 
of higher order are located at higher wavelengths whereas the opposite is true for 
bands induced by coupling to lower order modes. Consequently, the same 
transition of the effective indices of cladding modes is observed for the attenuation 
bands (the band of the HE1,7 mode experiments a blue shift to the band of the HE1,5 
mode, the band of the EH1,6 experiments a blue shift to the band of the EH1,4 mode 
and so on) [13]. 
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Fig. 5.5. Evolution of the spectrum as a function of thickness of the effective index of modes in the 
MMF segment of an SMS structure (incident wavelength 1550 nm) [10]. 
 
In an SMS structure there is also a transition of modes as can be deducted 
by associating Figs. 5.4 and 5.5. Unlike in LPFGs, attenuation and transmission 
bands are produced by constructive and destructive interference among several 
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modes. Focusing on constructive interference, this phenomenon occurs if the 
difference between the phases of modes is a multiple of 2π. The phase is directly 
proportional to the separation between the effective indices of the modes guided 
in the MMF section and to the length of the MMF section, and inversely 
proportional to the incident wavelength. By considering Fig. 5.5a, higher order 
modes experiment a higher effective index increase than lower order modes. In 
addition to this, the phase of higher order modes exceeds that of lower order 
modes. Consequently, the phase difference between the modes is increased. In 
view of the fact that the difference in phase is inversely proportional to the 
incidence wavelength, this last parameter must be increased in order to continue 
satisfying the condition for constructive interference. In other words, there is a 
wavelength shift to the red, which also occurs for bands with destructive 
interference, following the same explanation but for a phase difference of an 
uneven multiple of π. 
By analyzing Fig. 5.6a, the constructive interference points between HE1,1 
and HE1,3 modes in the MMF segment, it is easy to visualize the two main bands of 
Figs. 5.3a, b and c. They experiment a wavelength shift to the red because the 
effective index of HE1,1 increases more slowly as a function of the thin-film thickness 
than that of HE1,3 (see Fig. 5.5a). 
The reason why the constructive interference between the two first even 
modes coincides exactly with the main bands can be understood in Fig. 5.6b, where 
the normalized coupling factor between the fundamental mode guided in the core 
of the SMF section and the modes guided in the MMF section is plotted. Out of the 
fading region observed in Fig. 5.3b there is a maximum coupling to uneven modes. 
Consequently, interference among uneven modes is the predominant. Since among 
the group of uneven modes, HE1,1 and HE1,3 are the ones with a lowest separation 
in effective index, the wavelengths where constructive interference occurs are 
more separated than for the rest of modes. 
However, it is obvious that each band may obey to constructive 
interference among several modes. In fact the band located at the third optical 
communications window is where the self-imaging effect occurs. Consequently, it 
is obvious that there are other constructive interferences concurrent at that 
position. In this sense, the uniform evolution of the transmission bands indicates 
that the evolution of the difference between the effective indices of all modes is 
proportional. The increase in the effective index of HE1,1 is lower than that of HE1,3, 
the increase of HE1,3 is lower than that of HE1,5, and so on. Only in the transition 
region the original bands disappear and new ones are created if the thin-film 
presents no losses (see Fig. 5.3b). This is due to the abrupt change in the coupling 
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conditions between the fundamental mode of the SMF section and the modes in 
the MMF section as it can be observed in Fig. 5.6b. 
However, if the thin-film presents losses there is an increase in the 
imaginary part of the modes effective index (see Fig. 5.5b), which causes a 
reduction of the optical transmission (see Fig. 5.3), something that occurred also 
for LPFGs. 
Fig. 5.6. Evolution as a function of thickness of (a) the constructive interference wavelengths of mode 
HE1,1 and HE1,3 and (b) the coupling between the fundamental mode of the SMF section and the 
modes in the MMF section in an SMS structure (incidence wavelength 1550 nm) [10]. 
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5.2. Optimization of sensitivity in SMS structures 
As has been mentioned, there are two main parameters that can be 
modified in SMS structures, in order to obtain a better sensitivity: The MMF 
segment length and diameter. However, in view of the potential of the materials 
deposited as thin-films presented along this thesis, it is possible that their intrinsic 
characteristics may also influence the behavior of the final device. Therefore, the 
main goal of this section will be trying to improve the SMS sensitivity by varying 
these parameters and extract some conclusions on the evidence. 
 
5.2.1. Influence of the MMF segment length 
By simply depositing the same [PAH/PAA] thin-film previously used for the 
58 mm-length MMF segment to an MMF segment of 20 mm it can be observed that 
there are no differences when the evolution of the spectrum as a function of the 
thin-film thickness is compared to a 58 mm MMF segment length SMS. Fig. 5.7 
shows several attenuation and transmission bands (brighter and cooler colors, 
respectively) corresponding to fourth and last spectra plotted in Fig. 5.2. It is easy 
to observe that the wavelength shift rate is similar with independence on the length 
of the structure [24].  
Therefore, the main conclusion is that the MMF segment length is not a key 
factor on the sensitivity of the device, although it is crucial to obtain a self-image 
band and, therefore, a maximum in transmission. In view of this, as long as there 
are attenuation bands that can be used to track a further wavelength detection, it 
seems logical to use shorter length devices. This will lead to more miniaturized 
structures without sensitivity losses.  
 
5.2.2. Influence of the deposited material 
To make a study on this, several theoretical and experimental results are 
provided. They are based on the deposition of high refractive index thin-films of 
polymeric [PAH/PAA] and [TiO2/PSS] metal oxide/polymer matrixes onto 20 mm-
length MMF segments on SMS structures. The results are shown in Fig. 5.8. 
The selection of a material with a refractive index that approximates that 
of the substrate increases the wavelength shift. As an example, the self-image band 
moves from 1521 to 1613.7 nm with [PAH/PAA] and from 1521 to 1568.6 nm with 
[TiO2/PSS]. However, the scale of the x-axis is different for [PAH/PAA] and 
[TiO2/PSS]. By calculating the sensitivity to variations in the nanocoating thickness 
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as the wavelength shift divided by nanocoating thickness range, this parameter is 
lower with [PAH/PAA] (92.7/504 nm = 0.184) than with the higher refractive index 
matrix [TiO2/PSS] (47.6/132 nm = 0.361). However, the wavelength shift is 
nonlinear. Consequently, a better knowledge of the sensitivity can be obtained with 
the derivative of the wavelength as a function of thickness. The maximum 
derivative is obtained in the proximity of the fading region and it is 0.383 and 0.690, 
respectively, for both [PAH/PAA] and [TiO2/PSS] thin-films. 
The reason why the deposition of a thin-film with a higher refractive index 
leads to a higher sensitivity can be explained by the phenomenon of modal 
transition [10,25]. As it has been previously indicated, this basically consists of the 
guidance of a mode in the thin-film, which induces a reorganization of the effective 
indices of the modes in the MMF section. With a higher refractive index in the thin-
film the transition region is achieved for a lower thickness and it is more abrupt, 
which causes and increase in the wavelength shift induced by variation in the thin-
film refractive index. 
 
Fig. 5.7. Evolution of the spectrum as a function of thickness for an SMS structure of (a and b) 58 mm 
and (c and d) 20 mm of MMF segment length. On the bottom, the experimental results. Above, the 
theoretical results assuming thin-film RI = 1.5+0.0025i [24]. 
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Fig. 5.8. Evolution as a function of thickness of the central wavelength of transmission bands 
obtained with an SMS structure of 20 mm. Simulation data, continuous line; experimental data, 
squares. (a) Deposition of [PAH/PAA] assuming RI = 1.5+0.0025i; (b) Deposition of [TiO2 /PSS] 
assuming RI from 1.749+0.01i to 1.737+0.007i [23]. 
 
5.2.3. Influence of the MMF segment diameter 
Once it has been observed that the depositing a material with a higher 
refractive index than that of the substrate is a better option in terms of sensitivity, 
the diameter of the MMF segment is analyzed from now on. The expectations, as 
mentioned in section 5.1 are that the sensitivity is increased if the MMF segment 
diameter is reduced. 
Following this idea, an SMS structure with an MMF segment diameter of 
61.5 microns was deposited and coated with [PAH/PAA]. The length of the device 
was 15 mm, which permits to visualize the self-image band in the optical spectrum. 
As expected, theoretical and experimental results in Figs. 5.9 prove that the 
total wavelength shift is increased by a factor that approximates the ratio between 
the diameters of the optical fibers analyzed: 125 /61.5 μm. By comparing in Figs. 
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5.9a and b, the central wavelength of the transmission bands of the 58 mm-length 
SMS with diameter 125 μm and the 15 mm-length SMS with diameter 61.5 μm as a 
function of the nanocoating thickness. For example, in Fig. 5.9a the band located at 
1574nm for a nanocoating thickness of 420 nm experiments a wavelength shift of 
89.6 nm if a nanocoating of 468 nm is deposited, whereas in Fig. 5.9b, the band 
located at 1494.5 nm for a nanocoating of thickness 420 nm experiments a 
wavelength shift of 172.3 nm if a nanocoating of 420 nm is deposited. This behavior 
can be explained by considering the results obtained in [10,25], where it is proved 
that the resonance wavelength shift is caused by changes in the difference between 
the effective indices of modes HE1,1 and HE1,3 in the MMF section. Since the 
separation between the effective indices of HE1,1 and HE1,3 modes in the MMF 
section of an uncoated SMS structure with a lower diameter is increased, the 
wavelength shift is higher as the nanocoating is progressively deposited on the 
structure. 
 
Fig. 5.9. Evolution as a function of thickness of the central wavelength of transmission bands 
obtained with an SMS structure where a [PAH/PAA] thin-film is deposited. Simulation data, 
continuous line; experimental data, squares. (a) MMF segment diameter 125 μm and length 58 mm 
(b) MMF segment diameter 61.5 μm and length 15 mm. [23]. 
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5.3. Sensors based on thin-film-deposited SMS structures 
In this section, a pair of sensing applications are presented using thin-films 
onto SMS structures. The goal is to check experimentally the influence of the 
previous mentioned parameters in the sensitivity of these devices. 
 
5.3.1. pH sensor 
To fabricate this sensor, the same set-up depicted in Fig. 5.1 was prepared 
[26]. Two 58 mm-MMF-length SMS devices were fabricated and deposited with 9 
and 18 [PAH/PAA] bilayers respectively. The self-image transmission bands shifted 
25 nm from 1570 to 1595 nm in the first case (S1) and 40 nm from 1560 to 1600 nm 
in the second case (S2). According to Fig. 5.7b, the sensitivity of S2 should be higher 
than in the case of S1, since the wavelength shift of the self-image transmission 
band in S2 is higher. 
To prove this fact, both sensors were subjected to a roundtrip cycle 
between pH 4.0 and 7.0. Thus, each sensor was immersed in the corresponding pH 
buffer solution until the self-image transmission band stabilized at some 
wavelength into the third communications window. After that, the sensors were 
vigorously rinsed in ultrapure water and then immersed in the next pH buffer 
solution and so on during the whole process. 
Fig. 5.10 shows the spectra obtained as a function of the pH value, focusing 
on the third optical communications window. It can be observed that the self-image 
transmission bands shift to higher wavelengths as a function of the decreasing pH 
value for both S1 and S2. The difference is that S2 shifts in a higher magnitude. This 
is confirmed in Fig. 5.11, where the tracking of the self-image transmission band 
maximum is represented as a function of time for both sensors when immersing 
them in the corresponding pH solutions. Here, the sudden fallings and risings 
correspond to detections made along the cleaning processes, consisting of several 
dippings with ultrapure water during a minute. In the case of S1, the maximum 
wavelength shift is 7 nm (from 1589 to 1596), whereas this value is 14 nm (from 
1565 to 1579) for S2. This implies to double and, in any case, to increase the values 
obtained for S1, what is interesting in terms of improving the sensitivity of the 
device. 
As far as time measurements is concerned, the average response time (tr) 
is defined as the average of the time passed to reach from the 10% to the 90% of 
the stabilization wavelength at every pH values. By calculating this, tr1 = 42 s, 
whereas tr2 = 90 s. 
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Fig. 5.10. Obtained spectra during the pH detecting process for S1 (a) and S2 (b), focusing on the self-
image transmission band, centered in the third optical communications window. The legends match 
the spectra with their corresponding pH values [26]. 
 
Fig. 5.11. Tracking of the self-image transmission band displacement during the pH detection process 
for S1 (a) and S2 (b) [26]. 
 
Finally, the stabilization wavelengths obtained during the pH detection 
process are presented in Fig. 5.12, where it can be observed the sensitivity 
improvement mentioned before when detecting with S1 and S2. Concretely, for the 
same pH range (4–7), S1 (the sensor with 9 bilayers) shifts 6.5 nm (i.e. sensitivity 
2.17 nm/pH unit) whereas S2 (the sensor with 18 bilayers) shifts 14 nm (i.e. 
sensitivity 4.67 nm/pH unit). This means around a 2-fold improvement, what proves 
the sensitivity enhancement by locating the self-image band near the fading region. 
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Fig. 5.12. Stabilization wavelengths for S1 and S2 for every pH value detected. The slope of the 
tendency line is higher for S2 than for S1 case, indicating the sensitivity improvement [26]. 
 
5.3.2. Refractometers 
In this case, in order to reduce the size of the final device, a simpler 
reflection configuration based on the use of an optical 2 by 2 coupler was used. In 
particular, the MMF segment was only spliced to one single-mode segment, as 
shown in Fig. 5.13 inset. Though there are some previous works of multimode 
interference in SMS structures in reflection configuration this is the first time to our 
knowledge that thin-film SMS coated devices in a reflection configuration are 
explored [27]. 
The expression for calculating the self-image position of an SMS structure 
in reflection configuration can be obtained just by dividing Eq. 5.1 by 2, thus 
obtaining Eq. 5.2: 
𝑍𝑖 =
2𝐷2𝑛
𝜆
     (5.2) 
However, in order to obtain the same response with the reflection 
configuration a mirror is required, although this can be avoided at the cost of a 
power loss [28,29]. In this sense, Fig. 5.14 shows the theoretical and experimental 
results for both transmission and reflection spectra. 
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Fig. 5.13. Experimental setup in reflection configuration for monitoring of the spectral variations 
during the deposition process and upon introducing the sensor in different refractive index solutions. 
The inset shows the SMS-based structures utilized during this work [26]. 
 
Fig. 5.14. Experimental results: optical power transmitted and reflected, respectively, with a 
transmission configuration setup (60 mm long MMF section) and with a reflection configuration 
setup (30 mm long MMF section) [26]. 
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In order to make a comparison on the SMS behavior by varying the MMF 
segment diameter, two SMS structures in reflection configuration were fabricated 
by splicing a segment of coreless MMF to a standard SMF pigtail. In one of the 
structures, the diameter of the MMF section was 125 μm and the length, 30 mm 
(see the setup of Fig. 5.13a), whereas in the other one the diameter was 61.5 μm 
and the length 15 mm (see the setup of Fig. 5.13b). These values were selected to 
satisfy the requirement that the central wavelength of the self-image band was 
located approximately at 1500 nm. 
Also, a thin-film sensitive to refractive index was deposited, based on an 
LbL-assembly of [TiO2/PSS], as reported in previous sections. This process is 
repeated up to two bilayers and five bilayers for the SMS structures with MMF 
section of diameter 125 μm and up to five bilayers for the SMS structures with MMF 
section of diameter 61.5 μm. When simulating, the refractive index dispersion 
model can be found in [30], where the values from 1150 to 1680 nm range from 
1.749+0.011i to 1.737+0.005i. The bilayer thickness is estimated to be 17 nm. 
After the fabrication of the sensor, the same setup was used to characterize 
the device when it is subjected to changes in the external refractive index. In order 
to observe the wavelength shift of the self-imaging band, the sensitive fragment is 
immersed in different glycerol in water solutions: 0%, 10%, 20%, 30%, 40%, 50%, 
and 60%, which respectively correspond to refractive index values 1.321, 1.336, 
1.352, 1.367, 1.382, 1.397, and 1.413 [31,32]. 
In Fig. 5.15, the evolution of the central wavelength of the self-imaging 
band is represented both numerically and experimentally as a function of the 
refractive index for the structures mentioned structures and for the same 
structures without deposition. The results reveal the improvement of the sensitivity 
if more bilayers are deposited (five bilayers versus two bilayers) and if the diameter 
of the MMF section is reduced (125 versus 61.5 μm). This first question is explained 
in [23], whereas the second question is detailed in [8], where it is indicated that 
SMS structures with lower MMF section diameter are more sensitive to refractive 
index variations because the interaction between the modes guided in the MMF 
segment and the external medium is increased. 
In order to have a more precise idea of the improvement, in Table 5.1 the 
sensitivity (wavelength shift versus a refractive index range from 1.321 to 1.382) is 
indicated for both structures with and without thin-film. In the experimental 
results, a 3.9-factor increase is obtained with the five-bilayers thin-film deposited 
SMS structure with MMF segment diameter 125 μm compared with the same 
structure without thin-film. This value is exactly the same as that obtained when 
the five-bilayer thin-film coated SMS structure with MMF segment diameter 61.5 
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μm is compared with the same structure without thin-film. However, if the 
sensitivities of structures with MMF segment diameter 61.5 μm are compared to 
those with MMF segment diameter 125μm, an improvement factor of 1.9 is 
obtained. In other words, if these two factors are multiplied, the structure with the 
best performance (the five-bilayer thin-film coated SMS structure with MMF 
segment diameter 61.5μm) with the structure with the worst performance (the 
uncoated SMS structure with MMF segment diameter 125 μm), an improvement 
factor of 7.4 is obtained. 
Finally, in order to prove the long-term repeatability of the devices 
developed in this refractometer, the response after two months of the SMS device 
with MMF section of length 30 mm, diameter 125 μm, and coated with five bilayers 
was again checked, obtaining a good agreement and thus corroborating the 
repeatability of the measurements (see Fig. 5.16). 
Fig. 5.15. Theoretical and experimental wavelength shift of the central wavelength of the self-
imaging band for different SRIs [26]. 
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Table 5.1. Sensitivity (wavelength shift in nanometers versus refractive index variation from 1.321 to 
1.382 in nm/refractive index unit) for the different SMS structures analyzed [26]. 
 
Fig. 5.16. Response of an SMS device with an MMF section of length 30 mm, diameter 125 μm, and 
coated with five bilayers two months after the fabrication of the sensor [26]. 
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5.4. Conclusions 
To conclude this fifth chapter, a study on the parameters of the single-
mode – multimode – single-mode (SMS) fiber-optic-based structure has been 
made, also developing sensing applications based on the deposition of a thin-film 
on the multimode fiber (MMF) segment and the optimization of the parameters of 
the structure.  
It has been observed that depending on the MMF segment length the 
interferometry pattern is different although, when deposited with a thin-film the 
spectrum tends to shift in wavelength at the same time. Also depending on the 
deposited thin-film, several fading regions can show up, corresponding to the LMRs 
shown along this thesis and also in a similar way that occurs in long period fiber 
gratings (LPFGs).  
Regarding sensitivity, it has been proved that the length of the multimode-
segment plays no role in the sensitivity of the bands obtained in the optical 
spectrum. However, the diameter of the multimode-segment is a very important 
parameter, which permits to increase the sensitivity of the device. Additionally, the 
thin-film thickness is another important parameter, since it permits to set the 
attenuation bands in the optical spectrum in three different regions. In the middle 
region, the attenuation bands fade, whereas for the other two regions, setting the 
coating thickness in the proximity of the fading region leads to a higher sensitivity. 
The thin-film refractive index plays also a role in the sensitivity of SMS coated 
devices, since the higher is the magnitude, the higher is the wavelength shift as a 
function of the surrounding refractive index variations. 
 As applications to check all these parameters, a pH sensor and a 
refractometer have been developed, corroborating the previous hypotheses. A 
reflective configuration has been used when detecting refractive index, showing an 
interesting possibility of using this optical structure as a size-reduced sensor. 
 At this point, the figure of merit (FOM) is calculated, for this structure. To 
this purpose, the best results obtained with an SMS of 61.5 microns of MMF 
segment diameter and 30 mm of length deposited with a [TiO2/PSS] nanostructure 
is chosen. Thus, its sensitivity is S = 1200 nm/RIU. Additionally, focusing on the self-
image band obtained in the SMS structure of length 30 mm (reflection 
configuration), its FWHM ≈ 30 nm. Thus: the FOM can be now calculated, by 
evaluating the already known expression: 
𝐹𝑂𝑀𝑆𝑀𝑆 =  
𝑆[𝑛𝑚/𝑅𝐼𝑈]
𝐹𝑊𝐻𝑀 [𝑛𝑚]
=
1200 𝑛𝑚/𝑅𝐼𝑈
30 𝑛𝑚
= 40 𝑅𝐼𝑈−1 
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which implies to almost double the values obtained for the T-SMF and a 5.5-fold if 
compared to the CRMMF results. It is easy to observe that, in spite of the lower 
sensitivity, what actually increases the FOM value is the reduced FWHM of the self-
imaging band. 
Finally, the use of SMS-based structures to detect bioreaction is 
commented. As a bioprobe, the multimode interference phenomenon presented in 
SMS structures generates quite narrow attenuation/transmission bands that could 
be used to qualitatively improve the resolution of the measurements when 
detecting small concentrations of biological analytes. However, due to the low 
sensitivity presented by the SMS structure even when deposited with a high 
refractive index thin-film, this structure has not been considered in this thesis to 
develop a biosensing application. 
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 CHAPTER 6. Sensitivity enhancement based on high 
refractive index thin-films deposited on toroidal 
microring resonators 
 
During this chapter, an optical structure called toroidal microring resonator 
(toroid henceforward) is analyzed. Unlike the previous chapters, where the spectral 
width of the treated resonances was on the order of nanometers, the deal now is 
with only a few picometers. In this sense, the resolution of the measurements can 
be gently enhanced, so it seems possible to detect very small variations in the 
analytes concentration. Consequently, toroids are good candidates to achieve 
biosensing applications. 
 
6.1. Whispering gallery modes in toroidal microring resonators 
Whispering gallery waves were originally discovered as acoustic phenomena. 
In adequate designed cavities, as occurs in St. Peter’s Cathedral (Vatican), St Paul's 
Cathedral (London) or Grand Central Station (New York), sound waves can 
propagate from one side to another, being easy to have a conversation by simply 
speaking at a normal volume. Lord Rayleigh, who first discovered this phenomenon 
in St. Paul’s Cathedral in 1878, indicated that whispers could be heard across the 
dome (see Fig. 6.1a). The sound would decay inversely proportional to the distance, 
instead to the squared distance (as usual in acoustics/radiation). This would permit 
the possibility of hearing sounds from sources split some meters. The phenomenon 
was explained as reflections of the sound waves across circular galleries, not 
straight ones.  
What happens in “macro” dimensions with sound waves also happens in 
“micro” dimensions with light. Fortunately, the fabrication methods permitted to 
start the optical resonators research from the 1990’s on. Analogically to sound, light 
can also generate whispering gallery modes (WGMs) by propagating in micro-glass 
spheres and, more specifically, in dielectric spheres, as shown in Fig. 6.1b. 
Regarding their applications, they can be used for microlasers fabrication, narrow 
filters, optical switching, ultrafine sensing, displacement measurements, high 
resolution spectroscopy, Raman sources and studies of non-linear optical effects. 
As long as the structure keeps round-shaped, it is possible to generate light 
WGMs. Some of the structures normally utilized as WGM resonators are depicted 
in Fig. 6.2. They can be microspheres, microdisks, microrings or microtoroids (the 
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main focus of this thesis chapter), among others [1]. Microspheres are probably the 
best structures to develop optical resonators due to their high quality resonances. 
However, they are less used because it is difficult to integrate them on a chip 
obtaining the same response and because their spectral response is too noisy due 
to the presence of the high interferometry occurring inside them. The same occurs 
when dealing with microdisks, since in spite of presenting a quite clean spectral 
response, the quality of the resonances decreases considerably, something that 
also happens with microrings. Toroids are in the middle. They combine relatively 
high quality resonances with a quite clean spectral shape. Whenever they are 
adequately fabricated, it is possible to use toroids with good results. That is why 
this structure is chosen for this part of the thesis. 
Several optical waveguides are normally utilized to introduce the light in the 
resonators. This process is carried out by coupling the light using the evanescent 
field of the waveguide. In this sense, adiabatic tapered single-mode optical fibers 
(T-SMFs) are the most common [1], since they are the easiest way to transfer and 
collect the evanescent field to and from the resonating structures. But it is also 
possible to use side-polished (D-shape) fibers [2] or even prisms [3] when coupling 
the light into the resonators. 
Fig. 6.1. (a) Whispering gallery sound waves pattern in St. Paul’s Cathedral (London) at 69 Hz [4].   
(b) Fluorescence imaging of WGMs circulating around a sphere equator [5]. 
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Fig. 6.2. Different resonating devices with quality factor (Q) values. (a) Microspheres, (b) 
microtoroids, (c) microdisks and (d) microrings [6]. 
 
The working principle of the light guidance in every microresonator is similar, 
although this chapter will focus on the toroids. As mentioned, an almost tangent 
waveguide (a tapered SMF, for example) is in charge of coupling the light into the 
toroids by means of evanescent field transfer. In this sense, the taper must be thin 
enough to couple as much evanescent field as possible in the toroid.  
After entering the toroid, light propagates following the total internal 
reflection rules as it occurs in the optical fiber. Here, the condition in Eq. 6.1 must 
be satisfied to obtain the desired resonance phenomenon.  
2𝜋𝑛𝑅 = 𝑚0        (6.1) 
where n is the refractive index of the toroid fabrication material, R is the toroid 
radius, 0 is the resonance wavelength and m is the resonant mode. Essentially, 
under these conditions, circulating light of different cycles in the toroid interfere 
constructively with each other and build up resonance modes. As the resonance 
occurs, the coupled light is trapped in the toroid and the optical power of these 
resonance wavelengths is minimized when returning to the waveguide. 
Consequently, a strong attenuation covering a really narrow wavelength band is 
registered in the optical spectrum. Moreover, since this condition can be fulfilled 
several times in a broad wavelength range (0 multiples), several peaks can be 
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observed if zooming out the spectral span, as shown in Fig. 6.3. Each one of these 
peaks corresponds to a resonating mode, as described in Eq. 6.1. 
Now some concepts have to be introduced, in order to characterize the light 
propagation in these structures. They are summarized in the following lines and 
indicated in Fig. 6.3 where the typical broadband spectral response of a toroid, is 
depicted. 
a) Free Spectral Range (FSR): it is defined as the wavelength separation between 
two resonance peaks and it is closely related to the toroid dimensions. In 
particular, it is mathematically described as Eq. 6.2: 
 
𝐹𝑆𝑅 =  
𝜆2
4𝜋𝑛𝑅
   (6.2) 
where  is the free space wavelength, n is the fabrication material of the toroid 
and R is the toroid radius. 
b) Full Width at Half Maximum (FWHM): focusing on a resonance, it is the 
wavelength range where the attenuation is higher than half the signal's power. 
 
c) Quality Factor (Q): as occurs in filters, this magnitude is an idea of how narrow 
is the resonance in comparison to 0 and it is calculated as follows in Eq. 6.3: 
 
𝑄 =  
𝜆0
𝐹𝑊𝐻𝑀
   (6.3) 
 
d) Mode volume: it is defined as the ratio of the total energy stored inside the 
resonator in that mode and the maximum energy density of that mode. It 
seems obvious that the objective is to have a lower mode volume, since this 
means that most of the field is confined in a small cross-section area. This will 
increase the Q and the resolution of the further measurements.  
 
However, it is not so easy to couple the light into the toroids and to obtain 
good results from the beginning. Some parameters must be considered. First, it is 
almost impossible to obtain a 100% coupling due to an effect called “tunneling ray 
attenuation” [7]. Like in fiber-optics, when working with WGMs it is said that a leaky 
or tunneling ray is a ray that would be totally reflected at the interface between 
two media (core-cladding in fiber-optics and silica-air in WGMs) but, however, it 
loses power due to the curvature of the interface. Moreover, when approaching 
the T-SMF or the coupling substrate to the resonators, there are sudden variations 
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due to the attraction between both structures that make the coupling vary from 
time to time. It is very important to maintain a minimum power coupling to avoid 
errors in the measurements. 
Fig. 6.3. Spectral parameters defining a typical optical spectrum of a WGM resonator. Two similar 
samples are represented, showing that the fabrication process is repeatable [8]. 
 
Additionally, obtaining a high Q involves perfection in the fabrication of the 
devices. Any variation in the device fabrication, any anti-symmetry, any 
inhomogeneity in the thin-films can be definitely bad for the Q value. In fact, it is 
stated that Q is the inverse sum of several contributions, such as the thin-film 
material and its thickness, the surface absorption, the scattering or the tunneling 
ray attenuation itself [7]. But the external medium can also actuate on the Q, 
reducing its quality. So, in general, it is better to work with good quality devices 
from the beginning, because the following steps to reach the application are going 
to impoverish the results. 
Thus, taking into account the previous aspects, it makes sense to say that 
working with toroids is suitable for detection and, more specifically, for 
biodetection. The fact of dealing with high Q values permits to work with high 
resolution in the measurements, so it is possible to distinguish between small 
variations in an analyte concentration. However, in order to improve the properties 
of the devices it is difficult to go forward, because the main problem of this 
technology is the sensitivity. When subjected to refractive index variations, the 
Chapter 6  144 
 
 
sensitivities only reach cents of nanometers per RIU in the best cases [9,10]. In spite 
of this, it is possible to detect concentration variations, but it would be better to 
improve the sensitivity characteristics. As an example of this improvement, the next 
section will show how it is possible to increase the sensitivity of a toroid to 
temperature. This can be taken into account to develop further work and thus 
improving the toroids sensitivity to surrounding refractive index variations. 
 
6.2. Sensitivity enhancement to temperature by depositing high refractive 
index thin-films on toroidal microring resonators 
Assuming that no imperfections are induced to bare silica toroids, it is 
possible to obtain Q values up to 108. As it has been mentioned along the whole 
thesis, a simple and, apparently, unique way to improve the sensitivity of the 
toroids can be by depositing thin-films of materials that permit to enhance the 
desired properties. In the case of resonators (and toroids in particular), the goal is 
to compare the characteristics of the hybrid structures with those achieved by bare 
structures.  
As a first example of this enhancement, an easily affordable polymer like 
polystyrene (PS) can be deposited by spin-coating on the toroids to improve their 
sensitivity up to 3 times if compared to a bare toroid itself [11]. The fact of choosing 
PS is because its refractive index is higher than that of the silica, what provokes an 
overlap of the optical field from the silica to the PS. This makes the field to be 
confined more in the outer part of the hybrid optical structure, what enhances the 
sensitivity to variations in the surrounding medium refractive index due to 
temperature changes. 
A second option is to use near metal oxides, as indium tin oxide (ITO), as 
shown in [12]. This material has already been analyzed in some contributions along 
this thesis with considerable results. The goal was to apply the same substance to 
toroids and try to characterize this new hybrid structure with a near to metallic 
layer on it. In general, polymer-based systems face numerous limitations, 
particularly in the field of temperature detection. The explanation to this relies on 
the fact that the glass transition temperature of the polymer limits the ultimate 
working range of the device. Near metal oxides are better temperature conductors, 
so it is expectable to obtain better results than by using either bare silica or 
polymer-coated toroids. 
Thus, in order to deposit the ITO onto the toroids, an ITO-based sol-gel 
solution was first made, following the recipe indicated in [13]. Throughout the 
process, the solution was maintained at 25°C and vortexed several times, to 
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minimize the formation of aggregates. Regarding the silica toroidal cavities, they 
were fabricated in three steps on silicon wafers as indicated in [14]. After preparing 
the wafer surface using an oxygen plasma to increase the hydrophilicity, the ITO 
was deposited twice on the SiO2/Si wafer using spin-coating to form a uniform thin-
film and then annealed at 500°C for 20 minutes in an ambient environment. The 
samples were immediately removed from the furnace after the first annealing, 
whereas in the second annealing the furnace was programmed to decrease from 
500°C to room temperature at a rate of 1°C/min. This gradual decrease allowed 
producing smooth and defect-free films. As can be observed in Fig. 6.4a, the ITO 
coating seems homogeneous and defect-free. 
To measure the quality factor, the deposited toroid was coupled to a narrow 
linewidth tunable laser centered at 765 nm using a T-SMF. The waveguide was 
aligned with the cavity using top and side view cameras and a 3-axis nano-
positioning stage, as shown in Fig. 6.4b. The output from the waveguide was sent 
to a photodetector, and the signal was monitored on an integrated 
digitizer/oscilloscope. By scanning across a series of wavelengths, a resonant 
wavelength (could be identified and recorded. The spectrum was then fit to a 
Lorentzian shape, and the cavity Q was determined according to: Q=, where 
 is the linewidth. The scan range, scan frequency and input power were 
optimized to minimize any thermal distortion of the resonant linewidth [15]. 
To characterize the thermal response of the device, a temperature control 
stage with a thermo-couple controlled feedback loop was integrated into the 
previously described set-up (see Fig. 6.4b). Using this stage, the device was able to 
be heated in 0.5°C steps with minimal overshoot.  
The analysis of this device was done theoretically and experimentally. Fig. 6.5 
shows the theoretical results obtained by using finite element method (FEM) to 
simulate the described structure in COMSOL Multiphysics [7] with an analyzed 
wavelength of 780 nm.  
A pair of simulations is shown in Fig. 6.5a and b. In the first simulation, the 
film has the same properties as the silica toroid. As a result, the film simply 
increases the diameter of the device and the optical field is not perturbed or 
changed by the presence of the film. In contrast, in the second simulation, an ITO 
film is used. By comparing these two simulations, it becomes evident that several 
significant changes occur.  
Chapter 6  146 
 
 
 
Fig. 6.4. (a) An optical micrograph of an ITO-coated silica toroidal cavity. The toroid major and minor 
diameters were found to be 60 microns and 7 microns, respectively. (b) A schematic of the testing 
set-up, with the key components of the temperature control stage [12]. 
 
First, due to the large refractive index contrast between the coating and the 
resonator, the mode is split when the ITO film is included. While the majority of the 
optical mode pushed back into the resonator, a small optical lobe appears inside 
the coating. This effect is apparent in Fig. 6.5c. This small, secondary field lobe 
changes how the optical field interacts with the coating. 
As mentioned in the previous section, there are many factors contributing to 
the degradation of the cavity Q, most notably surface scattering and material loss. 
In sol-gel coated hybrid cavities, it is critical to optimize the annealing of the sol-gel 
film, as small cracks in the film will give rise to large scattering losses. Indeed, it can 
be observed in Fig. 6.6a that a Lorentzian fit (dashed red line) of loaded Q = 2.61x105 
is obtained. This indicates that the Q is ITO-dependent in this case. 
The so fabricated device was subjected to temperature sensing. As can be 
observed in Fig. 6.6b, the resonant wavelength increases in direct response to each 
0.5°C temperature increase.  
The sensor response can be more explicitly evaluated if the wavelength shift 
versus temperature increment is plotted. Fig. 6.6c shows the results from both 
measurement methods: 1) wavelength tracking in real-time (ITO-SiO2,RT) and 2) 
measuring the spectra at discrete time points (ITO-SiO2,Q). Most importantly, the 
results are clearly self-consistent. For comparison, the baseline noise level and the 
theoretically predicted shift from a pure SiO2 device have been also plotted. The 
change in resonant wavelength in the ITO-SiO2 hybrid cavity is significantly larger 
than the SiO2 device. This improvement in device performance is directly related to 
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the increase in the effective thermo-optic coefficient of the cavity, which varies 
from 1.2x10-5 °C-1 to 1.712x10-5 °C-1 due to the presence of the ITO thin-film. This 
increase is worth being remarkable, given the relative distribution of the optical 
field in the SiO2 and the ITO, and also indicates that the ITO has a very large, positive 
thermo-optic response. 
By combining the simulated and spectroscopic ellipsometry results, the 
thermo-optic coefficient of ITO equals 2.229x10-4 °C-1. This value is around 18 times 
larger than the thermo-optic coefficient of silica (1.2x10-5 °C-1). Unfortunately, there 
is minimal previous work studying the dn/dT of ITO for comparison, so more 
research is still to come in order to discover the potential of the ITO-coated devices.  
 
 
Fig. 6.5. Optical field distribution based on FEM modeling results for a 260nm thick layer for a) a SiO2 
film and b) an ITO film. c) Modal energy density distribution cross-section in the device with both 
films. The periphery of the device or silica-film interface occurs at 30m [12]. 
 
Fig. 6.6. (a) Loaded Q obtained in the ITO-coated device. (b) Temperature sensing in real-time 
with noise. Inset: Gaussian fit of the histograms for the noise distributions. c) Comparison between a 
bare silica toroid and an ITO-coated toroid in real-time and discrete point measurements [12]. 
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6.3. Conclusions 
In conclusion, an ITO-coated silica toroidal microcavity temperature sensor 
has been fabricated and characterized. After optimizing the ITO coating method to 
reduce defects in the ITO film, material limited quality factors higher than 105 are 
achieved. Additionally, the dn/dT of ITO is nearly 20-fold larger than the underlying 
silica device. As a result of this increase, the thermal response of the hybrid ITO-
SiO2 sensor is more than doubled. Given the high thermal and chemical stability of 
both silica and ITO, this hybrid device could be used in many applications requiring 
high precision temperature detection, such as temperature monitoring in harsh 
environments. Additionally, the general device architecture is translatable to other 
refractometric-based sensor platforms, including microrings, waveguides and 
lasers. 
The current research in resonators (toroids included) seems to focus on 
achieving better Q values [14] and reducing the signal-to-noise ratio (SNR) [16], so 
that the resolution of the measurements is better. So far, the sensitivities as a 
function of refractive index changes in the surrounding medium have been 
reported on microspheres [9,10] and microdisks [17], mainly, obtaining values of 
30 nm/RIU and near 300 nm/RIU respectively. Given that the FWHMs reached in 
the reported applications are 2x10-4 nm and 0.1 nm, respectively, the figure of merit 
equals FOMS  150,000 for the microspheres and FOMD  3,000 for the microdisks. 
Such FOM values suggest that spheres are better when addressing a sensing 
application. However, this is not so obvious in view that the wavelength shift in 
disks may afford a more distinguishable change as a function of refractive index 
variations.  
In the case of toroids, no FOMs have been found, since in spite of getting Qs 
near 107, no applications have been found showing sensitivity as a function of 
surrounding medium refractive index variations. However, an approximation can 
be done based on the temperature detection achieved in this work. First, if the 
loaded Q obtained is 2.61x105, then the FWHM is around 3 pm (0.003 nanometers). 
Now, taking into account that the thermo-optic coefficient of ITO, dn/dT, is 
2.229x10-4 °C-1 it is possible to multiply this value by the temperature range tested 
in the application, obtaining refractive index units. In this case, for 4°C change, 
8.916x10-4 RIU is obtained. Moreover, during the testing, the total wavelength shift 
was 35 pm, the sensitivity could be calculated by dividing this two values, obtaining 
39.26 nm/RIU ≈ 39 nm/RIU. Now, the FOM can be calculated as usual: 
𝐹𝑂𝑀𝑇𝑂𝑅𝑂𝐼𝐷 =  
𝑆[𝑛𝑚/𝑅𝐼𝑈]
𝐹𝑊𝐻𝑀 [𝑛𝑚]
≈
39
0.003
= 13000 𝑅𝐼𝑈−1 
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which, of course, is lower than the FOMs obtained for microspheres and higher 
than estimated for microdisks. The interesting thing is that this is the highest FOM 
obtained among the different devices studied in this thesis. Indeed, the sensitivity 
is really low if compared to LMRs, but the key point is the Q. The temperature 
sensor presented in this thesis is not the best Q that can be achieved for a coated 
toroid, possibly. However, the fact of dealing with this line width quality makes 
these devices very attractive when designing sensors based on them. 
Nevertheless, by depositing high refractive index thin-films onto the 
resonators it is possible to fabricate hybrid structures that permit to increase the 
resonators sensitivity, at the same time the quality of the Qs is almost maintained. 
Moreover, depending on the deposited materials, Qs could even increase, as shown 
in [18]. This will probably lead to challenging objectives in the future when 
addressing biodetection, since a combination between high quality factors and 
increased sensitivity is strongly required to address such measurements. 
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CHAPTER 7. Conclusions and future research lines 
 
7.1. Conclusions 
After the development of this thesis some interesting conclusions can be 
extracted for each of the chapters addressed. They are reviewed in the following 
lines. 
First, a state of the art in fiber-optic biosensors has been presented. There 
are many techniques to detect bioreactions, although it seems that those based on 
resonance wavelength tracking are the most commonly utilized. In this sense, some 
widely known techniques such as surface plasmon resonances (SPR), 
interferometry or even resonances based on taking advantage of the evanescent 
field of the optical structure (like in single-mode tapers or long-period fiber 
gratings) are the most common in the scientific community. 
One of the best options to enhance the performance of the optical devices 
is by depositing thin-films that induce the desired effect and lead to improved 
parameters. Among the different methods globally used to deposit thin-films onto 
optical substrates, sputtering, spin-coating and LbL-assembly have been chosen to 
deposit materials along this thesis.  
These thin-films have been used for a double purpose. On the one hand, 
they can generate the corresponding detection phenomena: an increase in the 
effective refractive index of the whole structure or the generation of a kind of 
electromagnetic resonances called lossy mode resonances (LMRs). On the other, 
these thin-films have been used as precursors and/or biocompatible substrates to 
be deposited with a biological layer made of proteins o antibodies afterwards. In 
this sense, the use of materials that permit to obtain a homogeneous and effective 
biological surface is a key point when biofunctionalizing a surface. According to the 
consulted bibliography, LbL-assembly is not a bad idea, although it is better to use 
flat surfaces deposited by other methods and try to covalently attach the 
bioreceptors on the substrates. At this moment, this is the only way to “ensure” 
that the biology is adequately attached to the devices. 
Several optical/photonic devices have been analyzed in this thesis, based 
on different phenomena. First, the generation of LMRs has permitted to deal with 
cladding removed multimode optical fibers (CRMMFs) and tapered single-mode 
optical fibers (T-SMFs). Working with CRMMFs is easier probably, since by just 
stripping the fibers it is possible to access the evanescent field of the structure and 
deposit thin-films that generate LMRs. In the T-SMFs case, there is a need for 
Chapter 7  152 
 
 
tapering the fibers in order to extract the evanescent field, which can be modulated 
by the LMRs afterwards. It has been observed that both structures present the 
same sensitivity. Once the optical structure is done, only the type of material is in 
charge of generating as many LMRs as possible and the material itself will tell how 
sensitive the induced LMR will be. The key point is the number of modes 
propagating within the structure. Due to the fact of propagating only one mode, 
the spectral width of the LMRs in T-SMFs is lower than in CRMMFs if an adequate 
T-SMF is designed. This has opened a new research field on how to continue 
improving the parameters of the LMRs. 
Regarding the single-mode – multimode – single-mode structure (SMS), the 
sensitivity of this device is lower than those obtained with CRMMFs and T-SMFs. 
The reason is that the interferometry in charge of generating the self-image band 
cannot resist the strong attenuation of the LMRs generated, so it is necessary to 
stop the deposition before the fading region (LMR) shows up. On the opposite, the 
spectral width of the self-image band is quite reduced, so this partially compensates 
the lack of sensitivity. If a well-defined self-image band is obtained, it is possible to 
resolve little changes in refractive index due to small changes in the measurand. 
Finally, a brief study on a more complicated photonic structure called 
toroidal microring resonator or microtoroid has been done. The key point of this 
interferometry-based structure (as occurs in microspheres or microdisks) is the high 
resolution of the resonances that it generates. Due to its high Q values, the spectral 
widths (FWHM) that it provides are really low, so it is possible to distinguish tiny 
changes in the measurand translated into wavelength shifts. However, the 
sensitivity of the devices is really low, unless it is slightly improved by depositing 
thin-films of high refractive index materials. Among others, indium tin oxide (ITO) 
has proved to enhance the sensitivity of these devices, although there is still a long 
way to achieve the optimal conditions. 
When facing a biosensing application, there is a need for high resolution 
measurements and also high sensitivity, since the biological magnitudes vary in a 
very small range and this should be distinguishable by appropriately separating the 
resonances between changes. This is the main issue of the biosensing field, without 
taking into account that the size of the detector should be as smaller as possible, in 
order to detect the anomalies in a reduced quantity.  
Therefore, as it has been suggested along this explanation and the whole 
thesis, the main conclusion is that a compromise solution is required at this 
moment, for the studied devices. The optical fiber-based structures presented are 
quite sensitive to surrounding medium refractive indices, although their spectral 
widths are high. The opposite occurs for the photonic resonating structures and, 
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particularly, for toroids. A magnitude analyzed during this thesis that helps to 
understand this concept is the figure of merit (FOM), which divides the sensitivity 
of the device by its spectral width. Based on this magnitude, it could be thought 
that the best structure among those presented in this thesis is the toroidal 
resonator, due to its high FOM values (see Table 7.1). However, depending on the 
application requirements, maybe it is not the best solution. 
Therefore, in spite of their lower resolution, the use of optical fiber-based 
structures and, more specifically, the use of tapered single-mode fibers deposited 
with high refractive index thin-films that generate LMRs could be the best options 
to use. Moreover, their performance when subjecting them to detect biological 
reactions has been quite good. This shows the possibilities of LMRs to compete 
against a well-established technology like SPRs. 
 
Table 7.1. Comparative study on the FOM for each of the structures analyzed along this thesis. 
 
7.2. Future research lines 
Based on the results obtained in this thesis, some future open research 
lines are suggested in the following lines. 
Firstly, the sensing platforms are analyzed. When designing biosensors 
based on wavelength detection of resonances, it is crucial to get a good sensitivity 
and a good resolution. If an LMR-based biodetection is addressed, then the 
objective is working with monomode structures that permit the access to their 
evanescent field avoiding the interference of added modes. This thesis has shown 
the results for tapered single-mode fibers, but they present the added difficulty of 
tapering the fibers before depositing anything. In this sense, the use of uncladded 
Optical 
structure 
Sensitivity 
(nm/RIU) 
Spectral width 
(nm) 
FOM (RIU-1) 
CRMMF 2872 400 7.2 
T-SMF 2872 120 24 
SMS 1200 30 40 
Resonators 
- Microdisks 
- Microspheres 
- Microtoroids 
 
300 
30 
40 
 
0.1 
0.0002 
0.003 
 
3000 
100000 
13300 
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thin-core monomode fibers, to propagate only one mode in visible wavelengths 
could be a good solution, as well as the use of polished (or d-shaped) fibers. The 
access to the evanescent field of the structure is direct and the only key point would 
be to deposit adequate materials. A good point to keep on decreasing the line width 
of the resonances is to polarize the light. The LMRs obtained with the structures 
studied in this thesis can propagate both of them because they are radially 
symmetric and can be excited without polarized light, what is determinant to obtain 
broad resonances in the spectral response. By filtering one of them and somehow 
maintaining the polarization, it would be possible to have narrower resonances. 
Another possibility could be the use of long period fiber gratings specifically 
designed for reaching the turn dispersion point (TDP-LPFGs). In chapter 1 it could 
be seen that their sensitivity is really high in spite of their low quality factor (Q) 
values. The same applies for the SMS structures, since their working principle is 
quite similar when deposited with higher refractive index materials. 
The fact of dealing with photonic resonant cavities such as microspheres, 
disks or toroids has led to open a new research line, since these devices own very 
high resolution. By depositing thin-films of adequate materials it is also possible to 
increase their sensitivity and thus obtain an interesting technology to be developed 
in the future. Its capability of detecting minimum changes in the molecules makes 
it suitable for designing biosensors based on it.  
 Secondly, the deposition of thin-films has proved to give many benefits to 
the optical structures, since it is possible to increase their sensitivity to chemical 
reactions (even biological) and even improve their performance. However, not 
every thin-film should be considered when designing biosensors. It is true that 
polymers deposited by LbL-assembly increase the effective refractive index of the 
structure and makes it more sensitive. However, the biofunctionalization should be 
done in terms of biocompatibility and effectiveness in the sensitive surface. In this 
way, planar thin-films are recommended when generating resonant phenomena, 
in order to better attach the bioreceptors afterwards as it is done in the SPRs-based 
cases. Besides, there is a need for materials with very high refractive index. Indium 
tin oxide or titanium oxide have proved to work in this sense, so maybe the use of 
other kind of metal oxides or even other metals or semiconductors could enhance 
the performance of the thin-films. 
Also, the best way to ensure a correct attachment of the biological part is 
to take advantage of covalent bonds. Trying to deposit or embed biological 
molecules by ionic attraction or weak bonds, in general, seems to be not reliable to 
obtain an efficient sensitive area in the biosensors. Moreover, the fact of working 
with aggressive media similar to blood plasma forces to avoid weak bonds and try 
155   Abián Bentor Socorro Leránoz 
 
 
to focus only in the biological attachment and not in whether the rest of the 
biosensor is correctly designed. 
 To sum up, the use of resonant phenomena-based optical devices that 
combine high resolution and sensitivity with a good attachment of the bioreceptors 
will be very helpful when detecting minimum changes due to the presence of the 
biological targets. It is important to notice that the only presence of a few molecules 
is enough to trigger disease symptoms, so it is important to design devices that 
permit the clinicians to obtain an accurate early diagnosis. This thesis has tried to 
contribute to this objective from different points of view by somehow enhancing 
the state of the art in these devices. Fortunately, further research must be done in 
order to reach an optimal biosensor. 
 
 
  
  
APPENDICES 
 
APPENDIX 1: THEORETICAL SIMULATIONS  
There is not a method that serves for simulating all optical waveguides. 
Depending on the parameters of the waveguide, especially on the dimensions and 
the geometry, there are some methods more adequate than others. In this section 
the methods for simulating optical waveguides used in this thesis will be presented.  
 
Ap.1.1. Method based on attenuated total reflection (ATR method) for simulation 
of cladding removed multimode optical fibers in transmission configuration 
For the simulation of the experimental setup of Fig. Ap.1.1, where light is 
transmitted through a thin-film coated cladding removed multimode optical fiber 
of high diameter (≥200 µm), a theoretical method was developed based on that 
reported in other works focused on SPR phenomenon [1,2]. 
 
Fig. Ap.1.1. Optical transmission setup of a thin-film coated cladding removed multimode optical 
fiber (CRMOF). 
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In order to obtain the transmitted optical power in the structure depicted 
in Fig. Ap.1.1 it is important to apply first the attenuated total reflection (ATR) 
method with a Kretschmann configuration [3]. With this method the reflectivity as 
a function of wavelength and incidence angle is obtained at the ITO - fiber core 
interface R(θ,λ) [1,2] under the assumption that the structure is planar. 
Consequently, two cases are considered: the TE and TM polarization of the 
incidence light. For a more exact analysis that considers the cylindrical geometry of 
the fiber, hybrid modes must be used. It is also important to highlight that the 
method can only be applied for specific core diameter dimensions. Typically the 
limit value is 400 μm [4]. However, in [5] the adequateness of the method is proved 
for diameters of 100 μm. 
Depending on the length of the metal-coated region and on the incidence 
angle the number of reflections N at the ITO - fiber core interface is obtained: 
 


tand
L
N                  (1) 
where L is the length of the metal coated region, d is the diameter of the optical 
fiber core and θ the angle of incidence. 
The final step is to calculate de transmitted power. According to [2], 
depending on the sensor’s application, the propagation of light can be analyzed 
considering remote sensing or non-remote sensing. Since the dimension of the fiber 
used in these experiments is short, it will be considered the non-remote case. The 
transmitted power can be calculated numerically with the following integral [1,2]: 
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where θc is the critical angle.  
The main issue now is to select an adequate equivalent of the light source 
power distribution p(θ). Since a broadband light source is used in the experiments, 
the power distribution is expressed as [1,6]: 
   cossin2conp         (3) 
where θ is the angle represented in Fig. Ap.1.1. 
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It is also important to mention that since the light introduced in the optical 
fiber is unpolarized, RN(θ)(θ,λ) can be replaced in Eq. (2) with the following 
expression, which considers the reflected light as a combination of the reflected 
power in TE and TM mode polarization [2]: 
 
  
     
2
,,
,

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
N
TE
N
TMN RRR

          (4) 
 
Both TE and TM components of RN(θ)(θ,λ) in Eq. (4) are expressed as [3]: 
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and where subscripts i and j are s (optical fiber substrate), t (thin-film coating), or d 
(surrounding dielectric medium), according to Fig. Ap.1.1. 
 
Appendix 1  160 
 
 
Ap.1.2. Vectorial method for simulation of single-mode – multimode – single-
mode (SMS) structures in transmission configuration 
In order to obtain the optical transmission through the SMS structure of 
Fig. Ap.1.2, a simulation tool is developed based on the transfer matrix method [7]. 
The procedure for obtaining the transmission as a function of wavelength is based 
on three steps: 
 
Fig. Ap.1.2. Optical transmission setup of a thin-film coated single mode-multimode-single mode 
(SMS) optical fiber [8]. 
 
1. Calculation of the propagation constants 
The application of the transfer matrix method presented in [9], permits to 
calculate the propagation constants of the modes in a cylindrical waveguide by 
expressing their fields in terms of radial and azimuthal vector components. In the 
SMS structure of Fig. Ap.1.2 there are two different waveguides, whose 
propagation constants are calculated. In view of the azimuthal symmetry of the 
waveguides, only modes with azimuthal order ν = 1 are considered for the analysis 
[10]. Consequently, the notation for modes will be of the type ‘1,j’ (the first 
subindex representing the azimuthal order, and the second subindex indicating the 
jth mode). 
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2. Derivation of the transmission and reflection coefficients 
Considering in Fig. Ap.1.2 the SMF on the left side of the SMS structure as 
waveguide ‘a’, the coreless MMF as waveguide ‘b’, and the SMF on the right side as 
waveguide ‘c’, the transmission and reflection coefficients can be obtained with the 
general equation Eq. 11: 
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where A1j(a) is the normalized forward amplitude of the j mode in waveguide ‘a’, 
A1j(c) is the normalized forward amplitude of the j mode in waveguide ‘c’, B1j(a) is 
the normalized backward amplitude of the j mode in waveguide ‘a’, and B1j(c) is the 
normalized backward amplitude of the j mode in waveguide ‘c’. 
Hba and Hcb are the matrices that relate the amplitudes of the modes at both 
sides of the interface between waveguide ‘b’ and ‘a’, and between waveguide ‘c’ 
and ‘b’ respectively. As an example of both expressions, according to [7], matrix Hcb, 
which relates the amplitude of the modes at both sides of the interface between 
waveguide c and b, can be expressed as indicated in Eq. 12: 
 
           
           
           
           
           
            








































































)(
1
)(
1
)(
12
)(
12
)(
11
)(
11
1,11,12
1
1,11,12
1
12,112,12
1
12,112,12
1
11,111,12
1
11,111,12
1
1,11,12
1
1,11,12
1
12,112,12
1
12,112,12
1
11,111,12
1
11,111,12
1
1,121,122
1
1,121,122
1
12,1212,122
1
12,1212,122
1
11,1211,122
1
11,1211,122
1
1,121,122
1
1,121,122
1
12,1212,122
1
12,1212,122
1
11,1211,122
1
11,1211,122
1
1,111,112
1
1,111,112
1
12,1112,112
1
12,1112,112
1
11,1111,112
1
11,1111,112
1
1,111,112
1
1,111,112
1
12,1112,112
1
12,1112,112
1
11,1111,112
1
11,1111,112
1
)(
1
)(
0
)(
12
)(
12
)(
11
)(
11
b
N
b
N
b
b
b
b
NNNNNNNNNNNNNNNN
NNNNNNNNNNNNNNNN
NNNN
NNNN
NNNN
NNNN
c
N
c
N
c
c
c
c
A
A
B
A
B
A
JIJIJIJIJIJI
JIJIJIJIJIJI
JIJIJIJIJIJI
JIJIJIJIJIJI
JIJIJIJIJIJI
JIJIJIJIJIJI
B
A
B
A
B
A









(12) 
where I1j,1k and J1j,1k are the following expressions: 
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In Eqs. (13) and (14) E1,j-r is the radial electric field of mode1,j, E1,j- is the 
azimuthal electric field of mode1,j,  H1,j-r is the radial magnetic field of mode1,j, H1,j- 
is the azimuthal magnetic field of mode1,j, and P1,j is the normalized power of the 
same mode. 
 
The expression for matrix F, which is the free propagation matrix over the 
MMF region of length L is: 
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where β1j is the propagation constant of mode1,j. 
 
3. Derivation of the transmission and reflection coefficients 
The transmission can be found by assuming in Eq. 11 that only one mode is 
incident (A(a)1,1 = 1 and A(a)1,2 = …..  = A(a)1,N = 0) and that there is no backward 
reflection in waveguide ‘c’ (B(c)1,1 = B(c)1,2 = ….. = B(c)1,N = 0), and solving the equation. 
After that, the transmission power can be expressed as Eq. 16: 
2
11
cAT            (16) 
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Ap.1.3. Commercial software 
The numerical methods presented in sections 3.1 and 3.2 own the 
limitation that they have only been developed for structures in transmission 
configuration. As well as the complexity of the structures analyzed during the thesis 
increased (thin-film coated optical fibers in reflective configuration and tapered 
optical fibers), it was necessary to consider the acquisition of a commercial 
software. Initially CAMFR [11] permitted to solve the transmission trough tapered 
structures in one publication [12]. However, this software shows some errors for 
specific parameterizations. Consequently, a more powerful tool was acquired: 
FIMMWAVE. This last software permitted to analyze all the structures not 
simulated with the other three methods. 
Fig. Ap.1.3. (a) Photogram of a Vertical Cavity Surface Emitting Laser (VCSEL) simulated in CMFR.        
(b) Programming a directional coupler in FIMMWAVE®. 
 
Ap.1.4. Dispersion models for the materials used in the thin-films  
For the modelization of the complex dielectric function of the complex 
materials used in the thesis, some dispersion models have been used: 
1. Sellmeier equation for fused silica: 
  
 

m
j j
jjB
n
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2 1
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              (17) 
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with parameters: B1=0.691663, B2=0.4079426, B3=0.8974794, λ1=0.0684043 μm, 
λ2= 0.1162414, and λ3= 9.896161, where λj=2πc/ωj and c is the speed of light in 
vacuum [13]. 
2. Lorentz model for [TiO2/PSS] [14]: 
  

 
k kk
k
EiBEE
A
E
22
      (18) 
where Ak, Bk and Ek are respectively the amplitude, the center energy and the 
broadening of the kth oscillator, E is the photon-energy and ε∞ is an offset that 
indicates the permittivity at high frequency. For the sake of simplicity a single 
oscillator is used in expression (18). The parameters that lead to a best fit with 
experimental results developed by deposition of [TiO2/PSS] on optical fiber are: 
Bk=0.5 eV, Ak=61 eV2 and Ek=5.55 eV. They were calculated by computing 
numerically the global error between the experimental and the theoretical 
transmission spectra for different coating thicknesses [15]. 
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